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PREFACE 


“Outlines of Intermediate Physics" written by Prof. S. C. Roy 
Chowdhury has been thoroughly revised and recast and is being pre- 
sented to the readers as “Intermediate Physics” under our joint 
authorship. In preparing the book in its present form, we have been 
solely guided by the consideration that for the fixing up of new ideas 
in the minds of the learners it is necessary to indicate the field of 
their applications also by concrete examples. Additions and alterations 
have naturally been made here and there. Moreover the book has 
been rewritten at many a place to bring it in line with modern ideas. 
Some new topics have also been included in order that it may cover 
'jhe Syllabus of studies of the various Indian Universities. A large 
number of new blocks have been added to illustrate the subject matter 
properly. 

The authors will deem their pains amply repaid if this new set up 
proves to be of greater service to the readers. 

8. C. Roy Chowdhury* 
D. B. SinJja. 


Calcutta, 
February, 1948'* 
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PAET I 


GENERAL PHYSIfS 

(::) 

CHAPTER I 

Introduction 

t. Province of Physics. — Physios may be described as the 
study of the properties of matter and energy. 

Matter is that which occupies space and is perceptible to us 
through our senses. 

Energy is something that exists in nature, and it is, like matter, 
one of the fundamental realities. But it is unlike matter in other 
respects, i.e. % it is not tangible, it has no weight, it has no extension. 
One of the objects of Physical Science is to explain the meaning of 
energy and its various transformations. It is at the expense of 
energy that work is done. 

Energy of a body is its capacity for doing work. 

2. Subdivisions of Physics. — The subject of Physics is divided 
into the following branches : — 

(1) General Physics. (2) Heat. (3) Sound. 

(4) Light. (5) Magnetism. (6) Electricity. 

Of these (1) deals with the properties of matter ; (2) to (6) deal with 
energy in some form or other. 

Measurement 

3. Units. — Every physical quantity is measured in terms of some 
standard of reference which is called the unit of that quantity. 

When we say that a pencil is 4 inches long, we take an inch as 
the unit of length. 

Fundamentgl Units. — All physical quantities are obtained from 
three fundamental units. These are Length , Mass, and Time . 

All other units are based on these three fundamental units and 
are termed Defived Units. 

Thus, the unit of area is the area of a square, each side of which 
is of unit length ; and the unit of volume is the volume of a ou&£ each 
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side of which is of pnit length. So the unit of area, or that of volume 
is derived from the unit of length, which is a fundamental unit. 

Again, a body has unit velocity when it moves over unit length in 
unit time. Hence «ihe unit of velocity is derived from the units of 
length and time. Similarly the unit of force is derived # from the 
units of length, mass, and time, and so on. Thus the units of area , 
volume , velocity , force, etc., are all derived units . 

4. Systems of Units. — Two systems of units are generally used 
in scientific measurements. 

(i) The French or Metric (C. G. S.) System. 

(ii> The British (F. P. S ) System. 

In the Metric or Centimetre-Gram-Second System (briefly described 
as the C. G. S. system), the units of length, mass, and time are the 
centimetre (cm.), the gram (gm.), and the second (sec.) respectively. 

This system is preferred throughout the world in scientific work. 

In the British or Foot-Pound-Second System (briefly 4 described 
as the F. P. S. system), the units of length, mass, and time are the 
foot, the pound, and the second respectively. 

This system is used largely by British engineers and in the 
meteorological observations in the British commonwealth of Nations. 

Note. — Another thing should be observed in dealing with units. 
It is often found that some derived unit is inconveniently large or 
inconveniently small. In such a case some submultiple (when the 
derived unit is too large), or multiple (when the derived unit is too 
small), is used as a unit for the sake of convenience. Such units are 
termed Practical Units, whilst those derived directly from the centi- 
metre, gram, and second (or the foot, pound, and second) are termed 
Absolute Units. 

5. Length. — In the C. G. S. System the unit of length is the 
centimetre (cm.), which is one-hundredth part of a metre. 

METRIC TABLE OF LENGTH 

1 millimetre (1 mm. = 001 m) 

10 millimetres =1 centimetre (l cm. — ‘01 m.) 

10 centimetres = 1 decimetre (1 dm. = 0*1 m.) 

10 decimetres = 1 metre (m.) 

10 metres =1 Decametre (1 Dm. = 10 m.) 

10 Decametres =1 Hectometre (l Hm. = 700 m.) 

10 Hectometres =1 Kilometre (1 Km. =1000 m.) 

Therefore, we find that, 

H Umetre = 0‘l centimetre = 0*01 decimetre = 0*001 metre. 
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Hence the units in the Metric system can be altered by moving 
the decimal (Latin, Decern = ten) point. Thus the Metric is a decimal 
system. 

In the K. P. S. System the unit of length is* # the yard, but the 
most convergent one for the scientific purpose is the foot (ft.) 

Remember that — * 

1 metre = 1*093 yds. = 39*37 inches. 

1 cm. = 0*3937 inches ; 1 inch = 2*54 cm. 

1 kilometre = 1000 metres = 0*621 mile. 

6. Mass. — The mass of a body is the quantity of matter in it. 

The metric unit of mass is the kilogram, but, for the sake of 
convenience, the gram (also written ‘gramme’) — which is defined as 
the mass of a cubic centimetre of distilled water at 4°0. — is taken as 
the unit, of mass. 

(Note that in the metric system there is a connection between 
the unit of mass and the unit of volume). 

METRIC TABLE OF MASS 

1 milligram (l mgm. = 0 001 gm.) 

10 milligrams = 1 centigram (1 cgm. = 0’01 gm.) 

10 centigrams = 1 decigram (l dgm.= 0*1 gm.) 

10 decigrams = 1 gram. 

10 grams =1 Decagram (1 Dgm.= 10 gm.) 

10 Decagrams = 1 Hectogram (1 Hgm. = 100 gm.) 

10 Hectograms =1 Kilogram (1 Kgm. = 1000 gm.) 

Here, also note that 

1 milligram = 0*1 centigram = 0'01 decigram = 0*001 gram. 

That is, the units are altered by moving the decimal point. 


The British or F. P. S. unit of mass is the pound (lb.), which is 
the mass of a cylinder of platinum preserved in London at the Board 
of Trade Offices. 


Prefixes 

Meaning 

Milli 


• Centi 


% Deci 

iV 

Unit 

l 

• Deka 

¥ 

Hecto 

iqo. 

Kilo 

Z up* 
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Remember that — [For Metric Equivalents vide Physical Tables (2)] 
lgram * c ® 15*432 grains ® 0 035274 ounce 83 0’0022046 lb. 

1 grain t ® 0*0648 gram. ; 1 ounce® 28*35 gram. 

1 pound * - 458*6 „ ®16 ounces = 700 grains. 

The Indian "tola” has a weight of about 12 grains, so “pne seer'*, 
or 80 tolas is equivalent to 960 grams, which is nearly equal to one 
kilogram, or 1000 grains. 

7. Time. — The unit of time is the mean solar second, which 

is of a mean solar day. An ordinary clock or watch keeps mean 

solar time. The mean solar day is the average value of the actual 
solar* days throughout the year. There are 365*24 mean solar days in 
the solar year. Each mean solar day is divided into 24 hours, or 
(60 x 60 x 24) ® 86,400 seconds. 

8. Advantages of the Metric (C. G. S.) System.— (1) Each unit 
is exactly ten times the next smaller unit. Hence the reduction from 
one unit to another is effected simply by the proper shift of a decimal 
point. Thus, 1*234 metres® 123'4 cm.® 1,234 mm. 

But, in the British system, cumbersome multiplications and 
divisions are necessary in reducing a quantity from one unit to 
another, ix. from feet to inches, or ounces to pounds. 

(2) The units of length, volume, and mass are conveniently related. 

Thus, knowing that the mass of one cubic centimetre of water at 4°C. 
is one gram, we can write down at once the volume of any amount of 
water in cubic centimetres, if we know its mass is grams, and 
vice versa. . 

For example, the mass of 10 litres or 10,000 cubic centimetres 
of water® 10,000 grams ; and the volume of 10,000 grams of water® 
10,000 cubic centimetres (or 10 litres). In the British (F. P. S.) 
system inconvenient constants have to be remembered, viz. the mass 
of 1 cubic foot of water® 62*5 pounds, 1 quart = 69*278 cubic inches,, 
etc. 

(3) This system has been adopted throughout all countries by 
scientific men. 

Questions 

Arts. 3, 4 & 8. 

1. Name the system of units commonly used for the measurement of 
physical quantities. AVhich of them is more scientific, and why ? 

Explain, with examples, what you mean by Fundamental * Units, Derived 
Units, and Practical Units as distinct from Absolute Units. » (Pat. 1983) 

Arts. 6 & 8. 

2. Name the prefixes employed with metric units, and rIiow how much 
they ‘increase or decrease the value of the unit. What are the advantages of 
the metric system ? 
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Measurement 

i 

9. Measurement of Length. — The length of a.n object can 
ordinarily be measured, according to the metric system*, by a metre 
scale, where divisions smaller than a millimetre are to be estimated 
by the eye. If we wish, however, to obtain the measurement with 
greater precision, it can be done by means of an auxiliary scale, called 
a Vernier, after the name of its inventor, Pierre Vernier, a Belgian 
mathematician. 

10. The Vernier. — The vernier is a short scale by the help of 
which fractional part of a main scale division can be measured and 
is so arranged as to slide along the principal or main scale. Verniers 
may be straight or angular according to requirements. 

Fig. 1 represents a scale in mm. having a movable scale, called 
the vernier , by which readings 
to one-tenth of a scale division 
may be read. 

General Theory. — The ver- 
nier is so divided that a 
certain number w, of its divi- 
sions is equal to ( n — 1) or (n + 1) 
principal scale divisions. 

If value of one vernier Fig. 1 Vernier, 

division ; value of one scale division, 

we have, * (n + 1). s^nv ; or v = 

n 

The least count = Diff. of s i £ = l/w x s. 

So the vernier is said to read 1/n th of a scale division. 

How to use a Vernier. — (1) Find the value in fractions of an inch, 
or centimetre, or degree (if it is a circular vernier), of the smallest 
division of the principal scale . Let it be 1 mm. i.e . 0’1 cm. in Fig. 1. 

(2) County the number of divisions on the vernier, and slide the 
vernier at one end {i.e. to the zero position) to see the number of scale 
divisions to which these are equal. 

(a) Vernier Type (1) 

In Fig. 1 (Type 1), 10 vernier divisions - 9 scale divisions: 


TYPE 2 



TYPE 1 
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(3) Calculate the difference in length between one scale division 

and one vernier division. This is the smallest amount — called the 
least count (or vernier constant) — which can be read with the help 
of the instrument. < « 

Here, 10 vernier divisions “9 scale divisions. 

.*. 1 vernier division ■* ■£$ scale division. 

Least Count“l sc. div. — 1 ver. div. 

■■(1 — A) sc. div.*«t *5 sc. div. 

At cm. (*•* 1 sc. div.^l mm.) = 0*01 cm. 

(4) - Now put the object to be measured on the scale, one of 
its ends being at zero. The vernier then is pushed along the scale 
until its zero just touches the opposite end of the object. Read the 
principal scale just before the zero of the vernier. It is 6 in Fig. 1 
(type 1). Then, the length of the object A is greater than 0'6 cm. 
(but less than 0*7 cm.) by the distance between the 6th division of the 
principal scale and the vernier zero. To get this length, 

(5) Look along the vernier to see which of its divisions .coincides 
with a scale division. In Fig. 1 (type 1), 2nd vernier division coincides 
with a scale division. Multiply this member by the least count and add 
this to the reading obtained from the principal scale. This is called a 
forward reading (or positive) vernier. 

The value of the fraction of the scale division between the 6th 
mid the vernier zero — (2 x O’Ol) cm. = 0 02 cm. 

The length of the object = 0'6 + 0 02 cm. = 0*62 cm. 

Verify thus : — 

The length of the object A (Fig. 1) = 8 sc. div. — 2 ver. div. = 8 mm. — (2 x x$j) 
sc. div. (for 1 ver. div. hc. div.) = 8 mm. — Jmm. a % , mm.»*0’62 cm. 

(b). Vernier Type (2) : — In type 1, the vernier division is smaller 
than the scale division, but sometimes, though very rarely, the vernier 
division is larger than the scale division in which case (n + l).s = nv 
(see Art. 10). This form (type 2) has the advantage of having its 
divisions further apart than in the other form, and so easier to read, 
but this has got the disadvantage that the numbers on the vernier 
run the opposite way to the number of the principal scale. This is 
called a backward reading (or negative) vernier. 

In the second form (Fig. 1, type 2) we have, 10 ver. div. = 11 sc. div. 

/. 1 ver. div. = life sc. div. 

Least Count = 1 ver. div. - 1 sc. div. = T \y sc. div. = 0*01 cm. 

For the object the reading from the principal scale is 0*7 cm., 
ani thegtb division on the vernier coincides with a division on the 
principi^pmle ; therefore the length of the object B*=0'1 cm. + the 
length o?a 10 - 6) or 4 vernier divisions » (0*7 + 4 x 0*01) cm. = 0*74 cm. 
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Note. — All verniers are not exactly the same as the one described, but by 
adopting the same rules, as given above, any verniey* can be read. 

11. The Slide Calipers. — The principle of the vernier is applied 
to a number, of measuring instruments of which* the simplest is the 
slide calipers (Fig. 2). A slide calipers consists of .ffwo steel jaws : one 
of them A * is fixed at one end, and 
the other B slides along a scale 
etched on a thin steel bar B. The 
movable jaw is provided with a 
vernier V and a screw nut D for 
fixing it at any position on the rod. 

When the two jaws are in contact, 
the zero of the vernier should 
coincide with the zero of the fixed 
scale. 

To use the instrument note 
whether jbhe fixed scale is divided tlg * 2 Slide-Calipers 

in millimetres or inches, and then determine the least count, as explain- 
ed before. The object to be measured is so placed between the two 
jaws (upper jaws for internal diameters, lower jaws for external 
diameters) that the jaws just touch two ends of it, and then its length, or 

diameter is read as usual by no- 
ting how much the vernier zero 
has moved along the fixed scale. 
Always take a number of readings 
and take the mean reading . 

12. The Screw-Gauge. — The 

screw-gauze (also called the Micro- 
meter Screw-Gauge) is used for 
Fig. 3— Screw-Gauge measuring accurately the dimen- 

sions of small objects, such as the 
diameter of a wire, or the thickness of a metal plate. It (Fig. 3) 
consists of a fixed rod A having a plane end and a movable rod B 
having also a plane end facing A. The rod B has a screw cut on it 
(Fig. 4) and the screw works inside a hollow cylinder, called the hub 
having a straight scale L (linear scale) etched on it along J3, 
called the reference line. This scale indicates the number of complete 
turns of the strew. The rod A and the hub are firmly held co-axially 
at the two ends of a strong metal bar bent in the U form. The 
screw is worked by means of a large screw-head S which moves over the . 
outside of the hub. Fine adjustment of the screw-head is made by 
turning the head F , called the friction clutch . The edge of the screw- 
head has etched on it a head scale C (circular scale) divided into 
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a number of equal parts, usually 50 or 100, and is used for determina- 
tion of the fraction of one complete rotation. One complete turn of the 
head scale moves the end of the screw through a dis- 
tance equal to its pitch, which is the * distance P 
between the consecutive threads of the screw (Fig. 4). 
So pilch is the amount by which the gap betvJeen A and 
B is opened or closed by one complete rotation of the 
head scale. 

How to use a screw-gauge. — 

(1) Turn the head in order to expose the pitch 
scale. Find the value of the smallest division of the 
pitch [linear) scale. To do this, compare by dividers 
the length of, say, 10 divisions of the pitch scale with the subdivisions 
of a standard scale. 

(2) Determine the pitch of the screw. To do this bring the zero 
mark of the head scale into coincidence with the line of graduation of 
the pitch scale. Now read the position of the graduated edg*e of the 
head scale on the pitch scale, and also read the position after giving 
the head one complete turn. The difference in the two readings is the 
pitch of the screw. 

(3) Count the number of divisions of the head scale. If there 
are, say, 50 divisions, the screw makes injth of a turn when a mark on 
the head scale goes out of coincidence and the next comes into coin- 
cidence with the line of graduation. So the gap widens or narrows by 
tf^jth of the pitch of the screw. This quantity — which is obtained by 
dividing the pitch by the number of divisions of the head scale — is the 
least count or the smallest reading measured by the instrument . 

(4) Determine the zero error . Screw up until the gap between A 
and B is just closed. Now the zero mark of the, head scale 
should coincide with the zero mark of the pitch scale. If they do not 
coincide, there is an error in the instrument known as the zero error. 
The value of it is obtained by oberving what mark of the head scale 
coincides with the line of graduation when the gap is closed. The zero 
error is added to the readings of the instrument if the gap is 
slightly open, when the zero mark of the head scale coincides with 
thd^zero on R, the line of graduation, and subtracted if the gap is 
^l&secL before the coincidence takes place. 

(5) Now place the wire, or any other small object, in the gap 
between A and B and turn the screw- head until it is just gripped 
between the jaws. Read the last visible division of the pitch scale 
and that of the head scale, which is just over R, the line of graduation 
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of the pitch scale. To this apply the zero error, if any, which may 
be added or subtracted as the case may be. • , 

N. B. Oare must be taken not to hurry the movement of the 
screw nor to ^crew up too tightly. # 

13. Sphefometer. — The spherometor is constructed on the same 
principle as* the screw gauge. Jt is generally used fot determining the 
radius of curvature of spherical surfaces (hence the name) such as 
those of lenses, and also for measuring the thickness of plates. 

The instrument (Fig. 5) rests on three fixed legs, the feet of which 
are at the same distance from one another — i.e. their ends A, B and 0 
occupy the corners of an equilateral triangle. The legs support a 
a frame-work in which works a microme- 
ter screw having a pointed end 0 which 
is equidistant from the three fixed legs. 

The screw terminates above in a milled 
head M , and a large circular disc D, the 
edge of whjch is divided into 50, or 100 
equal parts. A vertical scale S usually 
divided in millimeters, and having its 
divisions close to the edge of the disc I), 
is fixed at one end of the frame-work. 

How to use a Spherometer. — 

(1) Examine the vertical scale S , and 

find the value of the smallest division of 
it. Tb do this, compare by dividers the 
length of, say, 10 divisions of this scale 
with the subdivisions of a standard scale. Fig. 5 — Spherometer 

(2) Determine the pitch of the screiv. Bring the zero mark of 

the disc D on the edge of the vertical scale S. Read the position of 
the discs edge on the vertical scale S, and then rotate the disc through 
a number of complete turns by means of the milled head M, and again 
read the position on S. The pitch of the screw is given by the differ- 
ence in the two readings of the vertical scale divided by the number of 
turns. If by giving, say, 2 complete turns of the disc the difference in 
the vortical scale readings is I mm., then the pitch of the screw is 
i mm. f 

(3) Count the number of divisions, say, 100, on the disc D, When 
• the disc is turned, each division of its scale, as it passes the vertical 

scale S, shows t*hat the screw has made rnzyth of one turn, and that 
the point of the screw has travelled through r&yth of its pitch, which 
is $ mm. This quantity — { rfo x i ) mm * — is the least count * of the 
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instrument , i.e. it is the smallest amount by which the advance of 
the screw point can he measured . 

(4) Determine the zero error . Place the apherometer on a truly 
horizontal surfacen usually the surface of a polished glasa plate, called 
the base plate ; an <T turn the screw down until its point O just touches 
the surface. Th^ exact position can be determined by turning the 
screw steadily and carefully until there is a slight jerk at contact. If 
the screw point projects forward just a little too far, the whole instru- 
ment rotates on the screw as a pivot, but will no longer do so if the 
screw is raised in the slightest degree. (This is probably the best test 
to decide whether the screiv is just making contact). 

The four feet of the spberometer are now in one plane. If in the 
above adjustment the zero (0) of the disc D is against the zero (0) of the 
vertical scale S, the instrument has no zero error. But, if this is not 
the case, read the number of divisions between the zero of the disc- 
scale and the edge of S, which is the zero error. Repeat the observa- 
tion several times and take the mean of the readings as the zero error . 
This quantity must be subtracted algebraically from all readings taken 
with the instrument . 

Note. —If the zero of the disc-scale is above the zero of the 
vartical scale, the difference of the positions of these two zero marks — 
which is the zero error — is taken as positive, and the quantity 
is to be subtracted from the total reading. If the zero of disc-scale 
is below the zero of the vertical scale, the zero error is negative, 
and it should be added to the total reading. 

For example, let the error be 3 divisions of the disc-scale behind 
its zero, i.e. below the zero of the vertical scale, then the value of 
the zero error is — (3 x 0'005)= -0 015 mm. (taking 0’005 mm. as the 
least count). If now the reading taken with the instrument be, say, 
1’27 mm„ the corrected reading will be {l'27 - (-0 015)}= 1’285 mm. 

Had the error been 3 divisions of D ahead of its zero, the value of 
Of the zero error would have been +0 015 mm., and in that case the 
corrected reading would have been U‘27- ( + 0*015) = 1*255} mm. 

14. To measure the thickness of a plate of glass (by sphero- 
meter). 

(a) First Method : — First determine the zero error of the 
spherometer. Now raise the screw and place the plate underneath 
the screw point, and then take the readings of the vqjrtical scale S, 
and the. disc D, when the screw point just touches the top of the 
plate, while the other three feet of the instrument* still stand on the 
plane surface. Repeat the observation several times at different 



SPHEROMETER 


II 


places on the surface of the plate and take the mean reading. The 
mean difference of these two sets of readings gives the average thick- 
ness of the plate. 

Enter results thus : — 

e 

Particulars of the instrument — 

t 

(1) Value of 1 smallest division of the vertical scale “1 mm. 

(2) 8 complete turns of the disc move the screw point through 4 mm. 

Hence pitch of the screw*! = 0’5 mm. 

(3) No. of divisions of the disc scale *100 ; So, least count* $5$= 0*005* 
mm. 

(4) No. of divisions between the edge of the vertical scale S and the zero* 
of the disc-scale 1) is 6. These divisions are behind zero. 

.* . zero error* — 16 x 0*005) = - 0*03 mm. [So, this error should be added 
{see (4) page 10}. 

Measurements — 

Object measured — Thickness of a glass plate 


No. 

of 

Observations 

Reading 

Vertical 

scale 

in mm. 

Disc 

scale 

Least 

Count 

Total 

Zero 

error 

Corrected 

thickness 

Mean 

mm. 

1 

15 

56 

0*005 

1*780 

0*03 

1‘810 


i 

2 “ | 

1*5 | 

54 


1*770 

»» 

1‘800 

1*801 

3 

15 ! 

53 


1*765 


1795 



(b) Seconj} Method — It is found with most of the st>herometers 
that two complete turns of the disc are necessary to move the screw 
point through one division of the vertical scale. 


At the time of taking any reading with such an instrument it is 
often found difficult to judge whether the reading indicated on the 
disc-scale is a fraction of the first or the second revolution after 
passing the last division of the verticle scale. For this, and also to 
avoid confusio7i of zero error , it is convenient not to take any account 
of the vertical scale reading. Instead of this, the movement of the 
screw point shofild be stated in terms of the rotation of the circular 
divisions only. , That is, 

(i) first note what division of the circular scale is against the 
edge of the vertical scale when the four feet of the spherometeg^ s$&nd 
on the top of the test plate and then, on removing the test plate, 
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(ii) count from this, the whole and fractional turns of the circular 
scale until the screw point just touches the base plate. If, for example, 
2 whole turns and 56 small divisions of the third turn are necessary 
for thiB adjustment, the thickness of the plate = 2 whole turns + 56 =* 
256 divisions* 256x0 005 mm. (v 0*005 is the leadt count)® 8 1*28 
mm. ? 


15. To measure the radius ot curvature of a spherical surface 
• (by spherometer). — (l) Place the spherometer with the fixed legs 
resting on the curved surface, and adjust the screw until its point just 
touches the surface. Bead the scales. Bepeat the observation several 
times placing the instrument in different positions of the curved 
surface. Calculate the mean of the readings. 


(2) Place the instrument on the plane glass plate and adjust 
the screw until its point touches the surface. 
Bead the scales. Bepeat it several times, and 
take the mean reading. 

Find the difference h betweefi any two 
mean readings. This gives the vertical distance 
traversed by the screw point. 

(3) Measure the distance d between any 
two fixed legs. To do this, place the instrument 
on a piece of paper and press gently so as to 
mark the positions of the three legs D. E. F. 
(Pig. 6). 

Now measure carefully the mean distance 
d between these marks. Then the radius of 
curvature It is given by 



R« 


d 2 , h 

s ■ + - 

6h 2 


Note.— (1) As d enters as a square in the result, the measurement of d 
should be made very carefully up to a millimetre, otherwise a small error in 
this measurement will be magnified in the final result. 


(2) Do not forget to express both d and h in ths same unit . 

(3) Here also the second method of measurement, as described above 

* (Art. 14b), may be applied. That is, calculate the value of h from the readings 

* of the circular scale only without taking any account of the vertical scale. 


(41 When using a spherometer, it should be noted whether there is any 
slackness between the nut and the screw, because any such slackness will 
permit III-,, appreciable rotation of the disc without producing „any corresponding 
of the screw along its axis. This error, due tolost motion, called 
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the back-lash error, can be corrected for by always turning the screw in 
the same direction before taking any reading. 

(5) The term hi 2 can often be neglected in comparison with d 2 /6h . 

16. Proofr of the Formula. — The diagram (Fig. 6) represents a 
side view of & spherometer resting on a spherical surface . The 
central leg A and two of the fixed legs of the spherometer are visible. 
AB represents the vertical distance h through which the central leg 
must be raised (or lowered) so that it just touches the curved surface. 
BD{S) is the distance between any of the fixed legs and the central 
leg, when they are all resting on a plane surface. If B be the radius 
of curvature, we have DO 2 = DB 2 +B0* = DB 2 + {AO- AB) 2 

or R* = S*HB-h)°;or (1) 


The formula (l) can be put into another form. When the central 
leg just touches the plane of the other three legs, let B be the position 
of the cental leg, and D, E t F } the positions of the other three legs, 
which form an equilateral triangle (Fig. 6, lower). The angle CWF 
is 30°, and K is the middle point of DF, the length of which, say, is d. 
DK = DB cos 30° = S. J‘S/2. ard!2 = S. n/ 3/2, or d a -3S 2 . 

Substituting the value of S 2 in (l) we Ifeve 


R 


d 2 h 
6h + 2 " 


N. B. The method* of measurement is the same for both convex 
and concave surfaces. „ 

17. Measurement of Area. — In measuring tiie length of a 
straight lino it is only possible to take one observation. So length is 
said to have one dimension. But in order to measure an area, say 
the area of a rectangle, two lengths (length and breadth), must be 
measured. So an area has two dimensions. 

Units. — The unit of area in the British system is the square 
foot or the square inch, while in the Metric system, it is the square 
centimetre. 


METRIC TABLE OF AREA 

t 

100 sq. millimetres *= 1 sq. centimetre. 

10b sq. centimetres « 1 sq. decimetre. 

1Q0 sq. decimetre * 1 sq. metre. 

17 (a). Areas of Regular Figures. — In order to measure the area's. • 
of regular geometric figures, 
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^Remember the following. — 

Area of rectangle ® length x breadth. 

„ ,, parallelogram® base x perpendicular height. 

„ „ triangle ** \ X base X perpendicular height. 

„ „ trapeziuxn® £ x sum of parallel sides x perpendicular height. 

„ „ circle ® ir x (radius) 2 . 

„ „ ellipse® v X semi-major axis x semi-minor axis. 

Area of curved surface of cylinder® 2ir x radius of base x height. 


Area of the surface of a sphere® area of the curved surface of the circum- 
scribing cylinder ® 2 nr x 2 r ® 4ir r 2 


(where r® radius of the sphere, r is also the radius of the base of the 
circumscribing cylinder, and the height of the cylinder® 2r.) 

17 (b). Areas of Irregular Figures— The area of an irregular 
figure can be measured, 

(i) By squared paper.— Draw an outline of the figure on the 

squared paper provided. The 
boundary of the figure (Fig. 7) 
passes through a number of 
small squares on the paper. 
Now count the total number 
of complete squares and then 
count round the boundary 
line, ignoring those which 
are less than half a square , but 
counting as ivholc % squares 
those that appear to be more 
than half ‘ squares. In the 
case of exact halves, take two 
to counjb as one square. 



Fig. 7 


N. B. This is only a rough method, and the result will not be very 
accurate. This method, however, can readily be applied to find the area of 
a country by drawing to scale, on squared paper, a map of its boundary. If 
the above figure represents the boundary of the map of a country, then the 
area of the country can be calculated as follows : — 

Scale of map® (80 miles® 1 in.) ; or 1 sq. in.® 6400 sq. miles. 

Hence, area of the country ® 6400 x area on graph paper in sq. inches. 

(sq. miles). 


(it) By weighing. — Draw the figure on a thin sheet of cardboard, 
or a thin metal plate, whose thickness should be as unjform as possible/ 
Out the figure out of it, and weigh it accurately. From the same 
-sheet cut an area, the shape of which may conveniently be a rectangle, 
-or & iiriai^gle, and find its weight. Calculate the area of the 
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rectangle, or the triangle, from its linear dimensions. Then calculate 
the area of the figure from the relation, • 

are a of figure weight of figure 

\ area of rectangle weight of rectangle 

18. Measurement of Volume. — The space occupied by a body 
is called its volume. In order to measure the volume of a body three 
lengths, i. e. length , breadth and height or thickness should be 
considered. Therefore a volume has three dimensions. 

Units. — The unit of volume in the British (F. P. S.) system 
is the cubic foot or the cubic inch, while the unit in the Metric 
<0. G. S.) system is the cubic centimetre (c.e.). 

METRIC TABLE OF VOLUME 

1000 cubic millimetres = 1 cubic centimetre (c.c.) 

1000 cubic centimetres = 1 cubic decimetre (1 litre) 

J000 cubic decimetres =1 cubic metre (c. m.) 

BRITISH TABLE OF VOLUME 

1 cubic foot = 1728 cubic inches (cu. in.) 

1 cubic yard = 27 cubic foot (cu. ft.) 

I For Equivalents Vide Physical Tables (2)1 

19. Remember the following : — 

% The litre is t\c volume of 1 kilogram of cold water. 

One gram of cold water Jills 1 cubic centimetre. 

One fluid-ounce equals 3 o cubic centimetres. 

One cubic foot equals MS 31 litres. 

The gallon is the volume of JO pounds of cold water. 

One fluid-ounce is the volume of 1 ounce of cold water . 

20. Volumes of Regular Solids. — To calculate the volume of a 
■solid having some regular geometrical figure, 

Remember the following 

Volume of rectangular solid “length x breadth x height. 

„ „ cylinder ■* area of base X height 

“*t 2 //,, (where nr 2 “area of base ; and h** height) 
„ „ pyramid or cone *= ^ X area of base x height. 

„ „ sphere (radius) 3 . 

20 (a). Volume of a sphere = 8 . 

Proof. — The surface of a sphere can be imagined to be divided into 
-an infinite number of small figures (Fig. 8), each of which is practically 
a plane surface and may be considered to form the base of a pyramid 
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having a height e^ual to the radius r of the sphere, i.e. with its top at 
the centre of the sphere. The sum of the bases of all the pyramids is 

the whole surface of the sphere, and the 
sum of all these small pyramids is the 
volume of the sphere. • 

The volume of a small pyramid 8 * 
i x area of base x height. 

The volume of the sphere = 1 x sum 
of the bases of all the pyramids x height 

= i x surface of the sphere x radius 
= -g-x4 nr 2 xr = Jjir 3 
[V surface of a sphere -inr 2 .] 

20 (b). Volumes of Irregular Solids. — The volume of an irregular 
solid as well as that of a regular one can be determined, 

(a) By Displacement of Water. — The volume of a small solid 
may be directly obtained by lowering it carefully into water contained 
in a graduated vessel, and noting the rise of the surface of the water. 
The rise of the surface, i.e the difference between the first and second 
positions of the meniscus, gives the volume of water displaced by the 
solid ; and, as a body immersed in a liquid displaces its own volume of 
the liquid, the difference between the two positions of the meniscus 
gives the volume of the solid. 

When the body is too big to go inside the measuring vessel, secure 
a fairly large vessel and attach a narrow piece of gummed paper verti- 
cally to the side of it. Put a horizontal pencil mark at a level which 
will be well above the top of the immersed solid. Pour water in the 
vessel until its surface is level with the pencil mark. 

If now the solid is introduced, an equal volume 6f water will be 
displaced or pushed above. Put another mark on the surface of water 
again. Then take out carefully by a pippette the amount of displaced 
water — i.e. the amount of water between the two pencil marks, and 
measure it by a graduated vessel. This will give the volume of the solid. 

Note.— (i) If the solid floats in water, push it by a needle fixed to the end 
of a wooden pefi-holder until the solid is completely immersed. 

(ii) When the solid is soluble in water, use instead of water, some 
other liquid, say, alcohol or kerosene, in which it is not soluble. 

(b) By weighing. — Knowing that at ordinary temperatures one 
cubic centimetre of water weighs one gram , the volume* of a small solid 
o&n be accurately determined by weighing ttie amount of water 
displaced by it. 



Fig. 8 
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If the weight of the displaced water is, say, 10 gms. f ‘then the 
volume of the displaced water is 10 c.c. (because the. volume of 1 gm. 
of water is equal to 1 c.c.), and so the volume of the solid is also 10 c.c. 
So, the weight in grams of the displaced water is nrumerioally equal to 
the volume o&bhe body in cubic centiihetres. / 

21. Measurement of Mass* — The mass of a body is ordinarily 
measured by means of a common balance (seie Art. 62). It can also 
be measured by a spring balance after calibrating it (see Art. 66.) 

22. Measurement of Time — Before the invention of clocks 
and watches Sun-dial was used for measuring time. This consists 
of a horizontal board which has graduations from I to XII as those 
on a clock. A stick is fixed on the board at a definite angle and the 
particular period of the day is indicated by the position of the 
shadow of the stick thrown on the graduated board by the sun at 
that time. Besides this, other methods such as water-clock, hour- 
glass, etc., were used by the ancient people to measure time. 

After the discovery of the laws of pendulum by Galileo, it was 
possible to measure time by clocks and watches. The length of the 
rod in a second’s pendnlm can be so chosen as to take one second 
to swing from one extremity to the other (see Art. 76). 

Metronome is an instrument to mark time. It has a mechanism 
run by clock-work to move the pendulum by which ‘ticks’ can be 
heard at the end of each swing. The ‘ticking time’ can be altered 
by adjusting the position of a sliding weight on the pendulum rod. 

Sfop- watch. — It is a type of watch often used in the laboratory 
for measuring fraction of a second. It has a large second’ s hand 
which moves once over the dial in one minute. The watch can be 
started or stopped by pressing a knob. 

Questions 

Art. 17 (a). 

1. The area of the surface of a sphere is 154 sq. cm. Find its radius. 

[ Ans : 3*5 cm.] 

2. Assuming the earth to be spherical, calculate its surface area- in 
square miles, taking its diameter to be about 8000 miles. 

[. An* : 2’0114 X 10 8 sq. miles.] # 

3. A circujlir ring is enclosed between two concentric circles whose radii 

are 119 ft. and 167 ft. ’long respectively. Find the length of the radius of a 
third concentric circle which will divide the ring into two rings whose areas 
shall be equal to one another. (0. P.) 

[ Ans : 145 ft.] 

2 
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Art. 17 (b). 

4. How wou^i you measure the area of an irregular figure drawn on 
a sheet of paper ?’ 

Art. 20. 

5. Calculate the quantity of gas in cubic feet containe^in a cylindrical 
gasometer having a height of 150 ft. and diameter 150 ft. 

[. An8 : 2,650,0^)0 cu. ft.] 

Art. 20(b). 

6. How will you find the volume of a solid of irregular shape ? 

(C. U. 1917, ’29 ; Dac. 1932.) 


MECHANICS 

CHAPTER III 

Motion and Rest 

23. Vector and Scalar Quantities.— Any physical quantity, 
which requires both magnitude and direction for its complete speci- 
fication, is called a vector quantity, and other quantities having 
magnitudes only are called scalar quantities. 

Thus, if a man moves 5 yards away from a place, he may bo any- 
where on the circumference of a circle of 5 yards radius about his first 
position, i.e. there is no particular direction. But if it is stated that he 
moves 6 yards south, his new position is completely specified. There- 
fore, to describe a displacement, it is necessary to give both its magni- 
tude and direction. So, displacement is a vector quantity. 

Any vector quantity can be represented by a straight lino whose 
length is proportional to the magnitude of the vector, and whose direc- 
tion, shown by an arrow sign, represents the direction of the vector. 

Similarly, velocity, force, etc., which involve the idea of magnitude 
as well as direction, are examples of vector quantities ; and speed, time, 
mass, volume, density, which have got magnitudes only, are scalar 
quantities. * 

24. Motion and Rest.— A body is in motion when it changes its 
position with time, and it is at rest when it does not ohange its 
position for any length of time. Motion and rest may be absolute or 
relative. 
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Absolute motion is the motion of a body with respect to a fixed 
point in space, but as no such fixed point is known .in the universe, 
absolute motion cannot be realised in nature. Absolute rost is also 
impossible in nature, for the earth and other heavenly bodies being 
always in motion, every body in the universe is in motion, and the 
term absolute rest also has got no significance. 

1^ a body does not change its position with respect to its 
surrounding objects, it is said to be at relative rest, and when a 
body changes its position with respect to certain objects, it is said to 
be in relative motion, 

A passenger in a railway train is in relative rest with respect to 
•other passengers and to the train as well ; but he is in a state of 
relative motion with respect to trees and houses on the roadside. 

25. Force, Velocity, Speed and Acceleration. 

(a) Force is that which, acting on a body, changes or tends to 
-change the state of rest or of motion of the body. (See Chap. IV). 

Force i 3 a vector quantity, so it can be represented by a straight 
line with an arrow. 

(b) The velocity of a moving body is its rate of change of position 
in a given direction. 

(c) Speed is simply the distance covered in a given time. It is a 
scalar quantity having got no direction . 

Velocity is a vector quantity. So, to specify a velocity complete- 
ly, its magnitude as well as its direction must be stated ; but to specify 
speeS completely, it is necessary to state only its magnitude. 

^Hence velocity is speed in some particular direction. If a moving 
body traverses equal distances in equal times, the velocity is said to be 
uniform. In other cases, the velocity is said to be variable , s 

To understand clearly the difference between speed and velocity, 
take, for example, the case of a motor bicycle travelling round a 
circular track at a oonstant rate. In this case, the speed of the 
bicycle is constant, but its velocity is variable. 

When the velocity is variable, its average value can be taken by 
dividing the total distance travelled by the total time taken. So, in the 
case of variable velocity, the value obtained as above does not repre- 
sent the actual velocity, but the average velocity during that interval. 

Units of Velocity.— A body has unit velocity when it traverses 
unit' distance in, unit time. So, 
the F.P.S. unit is one 

foot per second. 


the C. G. S. unit is one 

centimetre per seeond. 
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(d) Acceleration is the rate of change of velocity. Acceleration! 
is uniform , when 'equal changes in velocity occur in equal intervals of 
time. In other cases, it is variable. 

Suppose a bqdy starts with a velocity of 10 ft. per sec., and at* 
the end of the first second the velocity becomes 12 ft. p8r Becond, then 
during the interval of one second the velocity of the body has increased 
by 2 ft. per second. If, again, at the end of successive seconds, the 
velocity becomes 14, 16, 18, etc., ft. per sec., then the change of velocity 
of the body is uniform, and is effected at the rate of 2 ft. per sec, in 
each second ;-so the rate of change of velocity, i.e . the acceleration of 
the body, is 2 ft. per sec. per sec. In this case, the velocity is 
increased by equal amounts in equal intervals of time. So, it is a case 
of uniform acceleration. 

Acceleration, like velocity or force, is a vector quantity, and 
has both direction and magnitude. So, like velocity or force, it can be 
represented by a straight line with an arrow. 

In acceleration, the unit of time comes twice, because it 
involves both change of velocity, and also the time in which the 
change has been effected. 

A failing stone is gradually increased in velocity vertically down- 
wards by 32 ft. per second in every second ; so, the acceleration of tho 
stone will be expressed as 32 ft. per second per second, or 981 cm. per 
sec. per sec. (or cm. per sec. 2 ). 

Units of acceleration. — A body has unit acceleration, if its 
velocity changes by unity in unit time. 

The F. P. S. unit is one foot j The C. G. S. unit is one 

per sec. per sec. I centimetre per sec. per. sec. 

Retardation. — When a moving body gradually comes to rest, its 
velocity diminishes, and the rate of diminution is known as retarda- 
tion. A retardation is a negative acceleration . A stone thrown 
vertically upwards has negative acceleration, or retardation, till it stops 
and begins to fall. If the velocity of a train entering a station 
decreases 2 ft. per sec. in a second, we say its acceleration is — 2 ft. per 
sec. per sec. or retardation is 2 ft./sec. 2 . 

|£jj^26. Angular velocity. — If a line revolves about % fixed point in 
it in a fixed plane, the rate of describing the anglers known as its 
angular velocity . * 

, If in a time t, the angle described be 0 (pronounced* “theta"), then 
the angular velocity o) (pronounced “omega") 

a>*=0/t degrees per second. 
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But the angular velocity is generally expressed in the circular 
measure, i.e. in radians * per second. # • 

In one complete revolution, four right angles aye described and 
the circular mfl^sure of four right angles is 2* (radians). Hence, if t 
'be the time /or one revolution, — 2n or w=*2n/t radians per sec. 

If any body makes n revolutions per minute* the time for one 
revolution = t =* 60/w sec. 


.’. The angular velocity of the body co » 2n *j- 60/n 
*■ 2h x n/60 - m/30 radians per sec. 

Linear and Angular velocity. — Lot a> be the uniform 
angular velocity of a particle moving round the circumference of a 
circle of radius r. If t seconds be the time for one complete revolution, 

t sa 2n/(o sec. ( V the single turned through is 2n radians.) 

Again, if v be the linear velocity of the particle, 


circumference 


2m 

— sec. 
v 


Hence, 2m/v = 2n/(o ; or v ® &r (1) 


Thus, the linear velocity of any particle of a rotating body is 
directly proportional to its distance from the axis of rotation * and is 
obtained by the product of the angular velocity and this dista \ j. 

^Example.— A draw horse trots round a circular path at a speed of 8 miles 
an hour , being held by a rope 20 ft. long . Find the angular velocity of the 
rope. 


8 miles an hour 1 
# Here v 


5280 
60 x 60 
5 280 
60X60 


x 8 ft. per sec. 
x 8 ; r® 20 ; 


5280 

60X60 * 


20w.; from eq. (1), Art. 27. 


or w — 0‘58 radians per sec. 

28. Equations of Motion. — 

(i) Distance traversed in t sees, by a body moving with 
uniform velocity v. 

If the body jftoves with a uniform velocity v , then, by definition, 
* «o id the distance traversed by the body in each unit of time. 


*One radian is the angle subtended at the centre of a circle by 
<8qual in length to the radius of the circle. 


an arc 
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Hence, in 2 utpts of time the total distance traversed is 2v ; 

»» 3 ,, ,, ft »• M ^ I 

and so, ,, t ( v , ,, ,, ,, ,, tv , 

Therefore, if s , be the distance traversed in time t, ' 

s - vt. * 

u 

Example . — A train moves at the rate of 00 miles an hour . Express its 
velocity in feet per second . 

1 mile** 5280 ft. ; 60 miles — 60 x 5280 ft. ; aud 1 hour*- (60 X 60) secs. 

So, the train moves (60 x 5280) ft. in (60 X 60) secs. 

60X5280 __ 

° r '60 X 60 ^ 88 ft pGr Se °- 

'''(Remember that 60 miles per hour - 88 feet per second). 

(ii) Velocity v acquired in time t secs, by a body moving with 
a uniform acceleration of f ft. per sec. per sec. 

Suppose that the body starts with a velocity u. Since the 
acceleration of the body is/, the velocity of the body is increased in 
-each second by a velocity of / ft. per sec. 

at the end of 1 sec. the velocity is u +/ ; 

„ „ 2 secs. „ „ u + 2f: 

1 ii »» ^ ii n i» ^ “f" df j 

and so ,, ,, t ,, ,, ,, u^tf. 

Hence v = u + f t. 

or v - 11 = ft. 

or Increase of velocity = acceleration x time : 

and 

t « 

^ or Acceleration increase of veloci ty ■+■ time. / 

Examples ,—(1) A body starts from rest and acquires a velocity of wiilo- 
metres in 2 minutes. What is its acceleration / 

8 kilometres per sec. — 800000 cms. per sec. ; 2 minutes— 120 secs. 
Here u-800000 ; it- 0 ; *-120 ;/=? 

d - it 4 ‘ft ; or 800000 - 0 + f. 120 ; 

^ or /*— 6666*66 cms. per sec. per sec. 

(2) A body starts with a velocity of J 4 / ft. per sec., and is subject to a 
retardation of 32 ft. per sec. What is its velocity after 10 seconds ? 

Here it— 144 ;/— -32 ; £— 10 ; v-? 

. We hgye v«it+/*« 144 + (-32) x 10 - 144 - 320- - 176. 
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Hence the body is moving with a apeed of 176 ft. per sec. in the opposite 
direction to that in which it started. 

(iii) Distance traversed in t secs, by a body moving with a 
uniform acceleration of f ft. per sec. per sec. • 

The velocity of the body at the beginning is u , and at the end 
of the time t is u +ft. 


Therefore, the average velocity during this time, 
u + [u + ft) 

•"“T” ’ 


= U + § ft. 


But since the velocity increases uniformly, the distance s 
traversed in time t must be the same, as if the body had moved for 
time t with this average velocity. 

/• s = average veloci ty x time = (u + \ ft) x t = ut + i f t 2 . 

^Example .— Calculate the initial velocity of a. train which runs down 325 
feet of incline in 10 seconds with a uniform acceleration of 2 ft. per sec . 
per sec. 

Here *=325 ; 10 ; /« 2 ; «« ? 

825 = lOw+^x 2 X 10 2 = ]0?j+100 ; 
or 10u = 325 - 100 = 225. Hence u*= 22’5 ft. per sec. 

(iv) Velocity of a body, starting with a velocity u, acquired 
in distance s. 


From Eq. in (ii), v 2 = (' u +ft) 2 = u 2 + 2uft +f 2 t 2 = u 2 + 2f{ut + \ft 2 ) 


: u 2 + 2fs 


from Eq. {Hi). 


Example . — A train runs at a speed l of 30 miles per hour. Thq hrahes are 
then applied* so fts to produce a uniform acceleration of— 2 ft. I sec 2 . Find how 
far the train will go before it is brought to rest. 


30 miles per hour=^~~j^=44 ft./sec. 


Here 
we have 


w**44 ft./sec. ; t;“*0 ;/» —2 ft./sec. 2 ; s= ? 
v 2 = u 2 + 2/* ; or 0 = 44 2 + 2( — 2X*)“44 2 — 4* 


• 44 x 44 


484 ft. 


Special cates — When the body starts from rest, we have %*■(), 
and the above formula takes the simple forms ; 

(i) v - ft ; (ii) s * \ ft 2 * \vt. ; {iii) v 2 — 2 fs. 
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29. To calculate the distance traversed in any particular 
second. . ° 

The distance traversed in the nth sec. ■= the distance traversed in 
w seconds — the distance traversed in ( n-1 ) seconds *= f 

(«n + i/n a )-{«(n-,j) + 4/ («-/)*{.. .from Eq. (in), —xc-r^ n ^f. 

A 


General -Hints. — In working out problems, — 

(i) Set down all the values of the given quantities and the symbol 
for the quantity required, and then consider what equation, out of 
those given above, connects them. Prom this equation, find the 
unknown quantity. 

(ii) Remember that all the symbols involved in the above 
equations are algebraic, i.e. may represent either positive or negative 
quantities. 

^Example.— (1) A body is thrown up with a velocity of 32 feet per second . 
Find how high it will rise. 

The body will rise till its velocity is zero, after which it begins to f ill and 
its velocity becomes negative. 

Here u “ 32 ft./ sec. ; v — 0 ; f **(.}** accel. due to gravity* — 32 ftj sec? ;s* ? 

We have v 2 “ u 2 + 2fs. or 0* (32) 2 + 2 X ( — 32) 8 ; 


A 


32X32 
2 x 32* 


16 ; The body will rise 16 ft. 


(2) A body travels 100 ft. in the first two seconds and 104 ft. in the next 
four seconds. How far will it move in the next four seconds , if the accelera- 
tion is uniform f 


Here s*100/£ ; / = 2 sec. ; u * ? /* ? 

we have s~ut+% ft 2 ; or 100“2w + ^/X4 ; or u+f"*5 0 (1) 

Motion during the first six seconds, % 

*“ 100+ 104- 204 /f. ; *- 6 sec. ; u- ? ? 

204 - 6m + ifx 36 ; 204 * 6w + 18/ ; or 34 - u + 3/. (2) 

From (1) and (2), /“ — 8 ft./sec. 2 , u “ 58 ft.jsec. 

Considering the motion during the total time (10 sees.), 

a* 58 ft./sec. ; f*10 sec ; /* —8 ft.jsec 2 : *“ ? 

s-i^+4//, 2 *“58 X 10 + ^(—8) X 10 a * 580 — 400* 180 /f. 


Thus the distance travelled in the last four seconds * 

“180 — 100- 104“ —24 ft., i.e. it travels 24 ft. in the opposite direction. 

SO. Representation of a Force by a Straight line. — Every 
force has a certain magnitude and acts in a certain direction. A force 
is completely known if we know its ( i ) Point of application , i. e. 
the poiijt at which the force acts ; (ii) Direction ; and (Hi) Magnitude . 
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All these can be represented by a straight line provided that 
(t) The line is drawn from the point of application of the force ; 

(ii) The line is drawn pointing in the direction of the force.; 

(Hi) The length of the line is proportional to the 'magnitude of the 
force. • .* 

81. Composition of Forces — When two or more forces act 
simultaneously on a particle at rest, the particle may remain at rest, 
in which case the forces are said to be in equilibrium, or the particle 
may begin to move in a definite direction by the combined effect of the 
forces. The same effect can also be produced by the action of a single 
force and this force is called the resultant of the original forces. The 
original forces are themselvos known as components ; and the process 
of finding out the resultant is known as the composition of forces. 

(The composition of velocities can also be effected in a similar manner.) 

32. Parallelogram of Forces . — If a particle is acted on simultane- 
ously by two forces, represented in magnitude and direction , by the two 
adjacent sides of a parallelogram drawn from a point , these forces are 
equivalent to a single resultant force , represented in magnitude and 
direction , by the diagonal of the parallelogram passing through the same 
point. 

Let the sides OA and OB of the parallelogram OAGB repre- 
sent two forces P and Q in magnitude and direction inclined at an 
acute angle BOA (Fig. 9), and let the diagonal OC represent their 
resultant (R) in magnitude and direction. Produce OA to D, and drop 
CD perpendicular on OD. 

Let LUO A 9 * LCAI). Then we have, 

■ OC 2 - {OA + AD) 2 + DC 2 = OA 2 + AD 2 + 20 A. AD + 

DC 2 

**0A' 2 + AC' 2 + 20A. AD (V AC 2 - AD 2 + I)C 2 ) 

= OA 2 + A()f + 20A. AC ooa 0 IV AD -AC coe 0) 
or R*«P* + Q 2 + 2PQ cos 0. 

If * 00°, Jl 2 -P 2 + Q 2 (V cus 90° =0.) 

' The direction of the resultant is obtained as Fig. 9 

follows : — 



Let the resultant make an angle a ( L GOA ) with one of the compo- 

CD^ CD Q sind 

’OD 6a VaD P + Q cos Q • 


nent forces, say pA. Then tan a - 


t [Note. — If fcfie angle 0 be obtuse, D falls between 0 and A , but 
the value of remains unaltered. 

The Parallelogram Law is also applicable in the case of velocity 
and acceleration.] 
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Experimental Verification. — Take a wooden board fitted with 
two frictionless piflleys (Fig. 10), and fix it vertically. Fasten a sheet 
of paper on the board. Take three strings and knot them together in 
a point 0, and to their ends attach three weights P( = 3 lbs.), Q( = 4 
lbs.), and B(~5 lbW, any two of which are together greater than the 
third. Pass the tyro strings carrying the weights P and Q over the 
pulleys, and allow the third to hang vertically downwards with its 
weight B. ‘Now the point 0 is in equilibrium under the action of 
these three forces. ( 

Mark on the paper, by means of your pencil point, the direction 

of the forces, and, taking a 
convenient scale, say, an 
inch per pound weight, mea- 
sure off along OK and Oil , 
lengths OA and OB , contai- 
ning 3 and 4 units to re- 
present P and Q respectively. 
Complete the parallelogram 
OACB and join OG. It will 
be observed that (i) the dia- 
gonal OC is vertical, and that 
(ii) OG is in the same 
Fi£. 10 straight line with OR, and 

contains Ii units ( i . e. 5 units) of length in the same scale. 

Conclusion. — The knot 0 is in equilibrium under the action of 
three forces P , Q, and B. So the resultant of P and Q is equal and 
opposite to the force li ( i.e . 5 lbs.) acting vertically upwards. But OG 
is vertical and it contains R units (i.e. 5 units) of length. Therefore 
OC represents the resultant in magnitude and direction of the forces P 
and Q represented by OA and OB respectively. Henee we find that 
the diagonal of d parallelogram represents the resultant of the two forces 
which are represented separately by its sides . 

N. B. (i) The downward force R represented by OR at 0, which 
is equal and opposite to the resultant of the forces represented by OA 
and OB and by which the system is kept in equilibrium, is called the 
equillbrant of those two forces. 

(ii) The above experiment will be found to be true whatever be 
the relative magnitudes of P, Q , and It, provided that any one of them 
is not greater than the sum of the other two. v 

Illustrations. — (i) If a boat is pulled by two tugs in two different 
directions, and the forces exerted on the tugs . are represented in 
magnitude and direction by two lines OA and OB respectively (Fig. ll), . 
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then the boat, instead of moving in the direction of either of the 
forces OA or OB , will move along OD, the diagonffl -of the parallelo- 
gram constructed with OA and OB as adjacent sides. OB represents 
the resultant ef those two forces. 

(it) If $ man walks across the floor of a 
compartment of a railway train with a velocity 
represented by OA (Pig. 11) while the train itself 
is running with a velocity OB , the resultant 
velocity OD of the man can be obtained graphi- 
cally in tbe same way. 

33. The Triangle of Forces.— On the same 
sheet of paper used in the above experiment (Pig. 10) draw a line 
parallel to the force OA, and, from this, measure off a length ab to • 
represent, to a convenient scale, the magnitude of CM. From b draw 
be parallel to the force OB and make its length represent, to the same 
scale, the magnitude of OB. In the same way draw another line ca 
parallel to* the force OB and containing OB units of length. If the 
whole work has been accurately done, the end of the last line will 
coincide with the starting point a , and this line closes the triangle 
abc. Mark, by means of arrow heads, the directions of the forces on 
the sides of the triangle, and it will be found that the arrows point 
round the sides of the triangle in order. It is evident, therefore, that 
if three forces , acting at a point , are in equilibrium , they can be 
represented in magnitude and direction by the sides of a triangle taken 
in order. This is known as the principle of the Triangle of Forces. 

[Note the expression 1 taken in order \ which means that the direc- 
tion of the forces must go round the sides of the triangle all in the 
same direction, i.e. either clockwise or anti -clockwise.] 

The converse of 'this is also - 
true. If three forces, acting at 
a point, can be represented in- 
magnitude and direction by the 
sides of a triangle taken in order, 
they are in equilibrium. 

Practical Problem— A Hang- 
ing picture. In Pig. 12, a pic- 
ture is suspended by a string, 
from a nail C. It is in equili- 
brium under the action of the 
following forces, (i) the weight 
W of the picture ; (ii) the ten- 
sion T x of the string represented by AG ; and (Hi) the tension 2Y 




fig. 11 
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represented by BG . The three forces meet in one point C, and are 
in equilibrium, so? by the principle of triange of forces, draw three 
lines a6, 6c, ca representing in direction and magnitude the three forces 
W, T lt and T 2 respectively. If the value of W is knowp, the values 
•of T x and T 2 » whi(Sa are evidently equal, and which atfa represented 
by the lengths be $nd ca, are also known, because they ft.ro drawn 
to the same scale. 

If the string is shortened, as shown by the dotted line ANB, it will 
be seen, by applying the principle of triangle of forces, that the ten- 
sions of the string now will be represented by the sides ac x and bc Xt 
which are evidently greater than ac and be respectively. That is, the 
tensionft^re increased. It is clear from this that the string is mere 

* likely to break when it is shortened . 

84. Resolution of Velocities and Forces. — As we have seen 
that two velocities or forces can be compounded into a single resultant 
velocity or force, so, conversely, a single velocity or force can be 

* resolved into two components ; because with a given velocity or force 
. as diagonal we can construct a parallelogram, the two adjacent sides of 

which would give the two components. But as with a given diagonal 
-any number of parallelograms can be constructed, so with a given 
» resultant velocity or force, an infinite number of components can be 
obtained unless any particular direction is mentioned. 


The most important case in practice is where the two components 

are taken at right angles. • 

Let OX and OY be two axes at right 
angles, and OP represent a velocity or 
force in direction and magnitude (Fig. 13), 
which is to be resolved into two compo- 
nents. From P draw perpendiculars PM 
and PN on OX and OY respectively. 
Then OM and ON are the required cora- 



If the 
we have 


angle POX be denoted by a, 
OM *= OP cos a ; 

ON- OP sin a. 


36. Resultant of a number of Forces acting at a point.— 

Let Pi, P 2 , P 8 denote several forces acting at any point 0 (Fig, 
14). Take any direction OX in the plane of the forces, and draw 0Y % 
Ipejrpendipular to OX, 

,V '!?> 
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Resolve each force into two components, one along the* 
direction OX, and the other along OF. 

Let the components of P lf P 2 , etc., 
along OX be X 2 , etc., and components 
along OF be Y lt F 2 , etc. 

Now, if X be the resultant of all the 
forces along OX, 

X=X x + X 2 + Xg + 

Similarly, if Y be the resultant of all 
the forces along OF, 

Fig. 14 

F-F 1 + F a + F, + 

The whole system of forces is then reduced to two foroes, X and 
F ; and, if B be the resultant, we have 

3 

R* = X* + Y 2 = (X 1 +X 2 + X 3 + ) 2 +(Y 1 + r a + y 8 + ) a 

36. Relative Velocity. — The velocity of a body is usually given 
with respect to some object which may be regarded as fixed. For 
example, by saying that a railway train is travelling at the rate of 60 
miles an hour we mean that it is the velocity of the train relative 
to the earth. So when two bodies are in motion one has got the velocity 
relative to the other, and the relative velocity of any body A with respect 
to another body B is the rate of change of the position of A relative 
to B. 

When those two bodies are travelling in the same direction with 
uniform velocities n and v respectively, the velocity of B relative to A 
is (v-u) ; and the relative velocity will be zero when they travel with 
the same velocity. If they are travelling in opposite direction, the- 
relative velocity is (v + w). 

Generally the relative velocity of a body B with respect to another 
body A is obtained in direction and magnitude by compounding with 
the velocity of B a velocity which is equal and opposite to that 
of A . # 

37. Some Practical Problems,— (i) Why it Is easier to pall a 
lawn-roller on,8oft turf than to push it — When pulling the roller by 
the handle, the force OA (Fig. 15), representing the force exerted by the 
hand, is resolved into two components, one OB, acting horizontally, is 
effective in pulling the roller, and the other 00, which is vertically ' 
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-upwards, acts in a direction opposite to the weight of the roller, and so 



Fig. 15 


reduces the pressure exerted on the 
ground. 

When pushing the roller, the 
force 0±A l is resoh*ed into two 
components 0±B± and*OiOi, of 
which Oil?! is effective in pushing 
the roller and acting down- 

wards, adds to the weight of the 
roller, and so increases its pressure 
on the ground. 


(ii) The sailing of a boat against the wind— Let the line PL 
represent the sail and let the force 
due to the wind be represented in 
direction and magnitude by WK. 

Besolve the force WK into two 
compotents, one LK parallel to, and 
the other NK perpendicular to, the 
surface of the sail (Fig. 16). 

The force LK acting along the 
surface of the sail is ineffective Fi S* 16 



and the effective component of the wind pressure is measured 
by NK. 


Now resolve NK into MK along, and DK perpendicular to, the 
length BA of the boat. The component 
MK drives the boat forward, while the 
component DK tends to make the boat 
move at right angles to its length, i. e. 
sideways. 

It should be noted, however, that the 
component DK moves the boat very slowly 
at right angles to its length, the resistance 
to motion in that direction being very 
^ great. A rudder applied at A seeks to 
neutralise this component. 

(ii) The effective pressure of the 
^*8* 17 foot on a Bicycle crank. — In cycling, the 

effect of the pressure applied by the foot on the‘> crank changes 
according to the position of the crank. In (Fig. 17) wl#n the pressure 
of the foot is applied veitically downwards, with a force re- 
presented by 00, the component OB of it along the crank is lost, and 
the tomponent OA, acting perpendicular to the crank, is only effective 
in driving the cycle. It is evident that when the pressure of the foot 
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acts perpendicularly to the crank, the pedalling bdfe£§i?§ %5sl^feectiyJ^ 
because in that position no component of itrwioafl?* 

(iv) Flying of a Kite. — Let AB be the surface o’f the kite 
[Fig. 18(a)]. JFhough the wind pressure acts on all p^rts on the under- 
surface of the Hying kite, the total effect of it maj be taken to be 
equivalent £o a single force GO acting at a point 0. The force GO may 
be resolved into two components, one OD acting along the surface, and 
the other OE acting at right angles to it. For the steadiness of the 
ikite, 01) is not effective, and the component OE is the effective part of 



Fig. 18(a). Fig. 18(b). 

the wind pressure. Besides the force OE due to the wind pressure, 
there are two other forces, the tension T (represented by OT) of the 
string, and the weight W (represented by ON) of the kite acting verti- 
cally downwards | Fig. 18 (b)|. The kite is in equilibrium under the 
action of these three forces. For the kite to be at rest, OE must be 
equal and opposite to the resultant of OT and ON , which is represent- 
ed by OH. if OE increases, the kite will rise until OE is again equal 
and opposite to OE. Thu weight W being constant, OR may increase 
due to any increase in the tension T. Again, when the kite rises, the 
angle between T and W becomes less, and, due to this also, their resul- 
tant OR may i ft crease. Similarly, when the wind pressure decreases, 
the kite will fall. When the magnitude and direction of the wind 
pressure suddenly change, the kite moves irregularly, but this is 
■diminished by attaching a tail to the kite, which, under the action of 
wind pressure, checks the sudden irregular movements. 

(v) Flying of an Aeroplane. — It is seen, in the case of the flying 
-of a kite, that wind pressure is an absolute factor. For this reason, 
when, at starting the kite is near the ground, where there may be 
very little wind, (the boy trying to fly the kite has got to run fast by 
holding the s tritig. This produces sufficient wind pressure upon the 
surface, due to irhich the kite may rise to a considerable height where 
theri may be sufficient air current, and the running may no longer be 
be necessary. The faster the running the better the flight. In other 
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. Words, there must be sufficient wind pressure on the surface of the 

kite to make it'rtse to a considerable height into the air. This may be 

obtained by the movement of the air or the movement of the kite. 

• 

If the string 9 f a flying kite breaks, the equilibrium of the forces is 
destroyed, and th& kite either trembles, or glides down to earth back- 
wards. If it ‘were possi- 
ble to attach to the kite, 
just at the moment of 
rupture, a weightless 
engine and propeller, 
exerting a pull equal to* 
the tension of the string,, 
the kite would remain 
stationary. Besides this,, 
if the wind prosure drops 
suddenly and the engine 
gives the kite a motion 
in a suitable direction so as to produce the wind pressure equivalent 
to the original one, the kite will again be stationary. If the magnitude 
of this wind pressure be increased by faster motion of the engine, the 
component OE (Pig. 19) will increase and the kite will move forward, 
and be an aeroplane, i.e. a self-supporting heavier-than-air 
machine. The boy, running with his kite in order to produce a 
sufficient wind pressure on the surface of the kite, resembles very 
closely an aeroplane in which an engine and propeller take the place 
of the boy, and, like the action of the boy, the action of the ^engine 
and propeller produces sufficient wind pressure on the wings of the 
aeroplane. 

An aeroplane must have a minimum velocity of 50 miles an. 
hour in order to maintain its flight in the air, and if, Q any how, this, 



Fig. 19. 



Fig. 20 — Aeroplane 

flj^pd' be lost the machine cannot be controlled and this become® 
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Left AB represent the surface of the main wing of an aeroplane 
and OE the total wind pressure acting at 0 (Fig. 19). QE may be 
resolved into two components, one OC acting horizontally and the 
other OD acting vertically upwards. Besides these two component 
forces, the ^ight W of the aeroplane acts vertically downwards at 
the centre . of gravity of the aeroplane. At the time of starting, the 
engine makes the propeller (Fig. 20) rotate swiftly duS to the action of 
which the aeroplane runs forward on the ground, and, when the speed 
of the aeroplane becomes rapid enough to make the vertical compo- 
nent of the wind pressure, namely OD (Fig. 19), slightly greater than 
the weight W, the aeroplane leaves the ground and rises. The forward 
motion of the aeroplane, besides creating wind pressure on its wings* 
as described above, also overcomes the horizontal component OC. 

Now, the action of the two forces OD and W (Fig. 19) would 
tend to turn the wing into a vertical position to prevent which there is 
a tail-plane ab , like the tail of the kite. The wind pressure acting on 
the tail-plane, the angle of which is controlled by the pilot, keeps the 
inclinatiorwof the wing constant. 

The movable parts of the tail of the aeroplane modify the wind 
pressure so that the machine can ascend or descend according to the 
will of the pilot. The pilot also controls the rudder (Fig. 20) which 
is attached to the tail, and which works exactly like the rudder 
of a boat. 


Remember. — 

Equations of Motion — 

(i) s — vt. 

(ii) v = u + ft. 

(Hi) 8 -ut+ift*. 
(iv) v 2 — u 2 + £ fs. 


Special cases— When u =*o, 

(a) v —ft. 

(b) s -iff 2 . 

( c ) v 2 — 2f$. 


Questions 

Art, 24. 

1. Explain the terms ‘absolute motion’ and ‘relative motion’. Which of 
them is more important to man, and why ? [Pat. 1982.] 

Arts. 25 & 26. 

2. Distinguishabetween speed and velocity. What is angular velocity ? 

/ (C.U. 1980.) 

8. Explain wlat is meant by acceleration of a point moving in a straight 
line. Show that when a body moves with uniform velocity in a st raig ht line 
the velocities. at the ends of successive seconds are in arithmetic progression. * 

(Pat, 1927) 
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Arty 28. 

0 * 4 . A stone is ■ thrown vertically upwards with a velocity of 160 ft. per 
second from the top of a cliff 120 ft. high. How high will the stone rise above 
the cliff, and after how long will it fall to the foot of the cliff? What will be 
the velocity of the stbjie when it is 80 ft. above the point of projection ? ( M.U .) 

[Ans : (i) 400 ft. ^ (ii) 5*70 secs. ; (iii) 143*1 ft. per sec.]. 

5. A velocity of one foot per second is changed uniformly in one minute 
^to a velocity of one mile per hour. Express numerically the acceleration 
when a yard and a minute are the units of space and time. * (PajJ* 1923) 

[Ana : 9^ yds. per min 2 .] 

Arts^32 & 33. 

V 6. State, explain, and prove the principle of the parallelogram of forces. 
The wind blows from a point intermediate between North and East. The 
northerly component of its velocity is 5 miles per hour, and the easterly 
component is 12 miles per hour. Find the total velocity. , (C. U. 1934) 

[Ana : 13 miles per hour.] 

*V 7. (a) Define the terms ‘resultant’ and ‘equilibrant’ of forces. Explain each 

by means of an example, (b) State the law of Triangle of forces and describe an 
experiment to verify it. (c) The three forces of 4, 5 and 6 grins, weight 
respectively act at a point and are in equilibrium. What are the angles 
between their lines of action ? 

[An8 : Angle between 4 and 5, 98° ; between 5 and 6, 139° ; between 6 
and 4, 123°] . 

8. The following forces act at a point — 18 lbs. weight due East, 16 lbs. 

wt. 60° North of East, 25 lbs. Wt. North-west, 40 lbs. wt. 75° South of # West. 
Find graphically the resultant force at the point. ( Mysore ) 

[An8 : 7*1 lb. due South] . 

9. Enunciate and give theoretical and experimental verification of the 

proposition known as the triangle of forces. (Pat. 1932, *34) 

Art. 35. • 

9. (a) How would you find the resultant of a number of forces acting 

at a point ? iPat. 1917) 

Art. 36. 

10. What is meant by relative velocity, and show how it is determined. 

Give examples to illustrate your answer. (Pat. 1940) 

A man walking on a road with a velocity of 3 miles per hour encounters 
rain falling vertically with a velocity of 22 ft/sec. At whV angle should he 
hold his umbrella now in order to protect himself from the ra#ji ? (Pat. 1946) 

11. A railway passenger observes that rain appears ttlhim to be falling 
vertically when the train is at rest, but that when the train is in motion the 
rain-spla^ies on the window are not vertical. Explain this and show how 
the relative velocities of the train and the raindrops may be dete rm ined. 
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Explain also why a passenger is thrown forward in the direction ef motion 
of a train when the velocity of the train is suddenly reduce^. (C, L.) 

12. A man in a boat rows at 2 m. p. h. relative to the water a t right 

angles to the direction of the current of a river flowing 2 m. p. h. Another 
man starting from the same point walks qjong the bank upstream at 3 m. p. h. 
How far apart vft.ll the two men be after six minutes ? -* ( L . M. B.) 

[Am : 0*5335. ml.] * 

13. A man walks across the compartment of a railway carriage at right 

angles to the direction of motion of the train, when the train is travelling at 
10 m. p. h. ; and walks back, with the same velocity relative to the train, when 
the train is travelling at 21 m. p. h. His resultant velocity in the latter 
case is twice that in the former case. Prove that his velocity relative to the 
train is very nearly 3*7 m. p. h. (C. L.) 

Art. 47. 

14. Explain with the aid of a diagram the flight of a kite. 

(Pat. 1927 ; ’31> 


CHAPTER IV 

Newton’s Laws of Motion 


38." First Law. — Every body continues in its state of rest 
or of uniform motion in a straight line, except when it is 
compelled by impressed forces to change that state. 

This law is very often known as the Law of Inertia, as it is the 

virt ue^ of every M inert body to pres e rve its state of r est or of uniform 

motion in a straight line . ’ ~~~ 

. — • — * — — — — * # 

A person sitting on a horse back will experience the effect of 
inertia if the horse suddenly starts galloping, when the upper part of 
the body will lean backwards. Similarly, if the horse suddenly stops, 
when at full speed, the rider will be shot forward. If a cyclist, when 
travelling quickly, is suddenly stopped, he will fall over the handle-bar 
of his cycle. 


The second pfrt of the law provides with the definition of force, 
i It states that urless impressed forces act on a body, its state of motion, 
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39. Second Law* — The rate of change of momentum is pro- 
portional to the impressed force and takes place in the direction 
of the force. 

Momentum. — Momentum of a moving body corresponds to what 
may be called the quantity of motion. It is a property, the moving 
body possesses, by virtue of its mass and velocity conjomtly, and is 
measured by the product of its mass and velocity. 

For instance, the momentum possessed by a 400-ton train mov- 
ing with a velocity of £ mile per minute is equal to the momentum 
possessed by another 200- ton train moving with a velocity of 1 mile 
per minute. S’or, 400 *£ = 200xl. 


The great havoc sometimes done by a cyclone is due to the great 
momentum of the moving mass of air. The mass of air may be 
small, but its velocity is very great, and so the momentum ( i.e . mass x 
velocity) is large. 


By taking the hammer at a distance before striking a nail in order 
to drive it into a piece of wood, a greater velocity of the hammer is 
acquired and consequently a greater momentum is obtained. 


f N. B. It must be noticed that momentum = mass x velocity, 
(and not mass x speed), i.e . momentum is a vector quantity.] 

Units of momentum. — Unit momentum is the momentum posses- 
sed by unit mass moving with unit velocity. Hence 


The F. P. S. unit is the 
momentum possessed by a mass 
of 1 lb. moving with a velocity 
of 1 ft. per sec . 


The C. G. S. unit is the mo- 
mentum possessed by a % mass 
of 1 <jm. moving with a 
velocity of 1 cm. per sec. 


40. Measurement of Force. — The second law of motion gives 
us a method of measuring force. 

Let a body of mass m be moving with a velocity u under the 
action of a constant force P, and let v be the velocity after t seconds, 
then the initial momentum of the body is mu, the final momentum of 
the body is mv % and the change of momentum in time t = m(v - u) ; 

/. The rate of change of momentum = ; and this, accor- 

t 

ding to the Second Law, is proportional to the impressed force P ; 

i. e. P •« ( m, x acceleration^? 

* ' Bftfoting acceleration by /, we have 

P •* mf=Kmf, where If is a constant. 
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Now, if we choose our unit of force in such a way -that it produces 
unit acceleration in unit mass, we have 1, /“ 1, when P«l. 
Hence K musj be equal to 1 and we get 

• P = mf (1) 

Hence, we may write, Force “mass x acceleration? 

Again, P = -- ; or Pt = mv~ mu ..(2) 

t 

The product (force x time) is called the Impulse of the force 
during that time. 

For a body originally at rest, 0 and therefore equation (2) 
becomes Pt = mv (3) 

41. Unit Force. — From what has been shown above, the unit of 
Force may be defined as — (i) That force which acting on a unit 
mass produces unit acceleration [see equation (I)]. 

(ii) ifiat force which acting for unit time on unit mass initially 
at rest creates in it unit velocity [see equation (#)]. 

(Hi) That force which acting on any mass for unit time produces 
in it unit momentum in the direction of the force [see equation ( 3 ')]. 

Units of Force 2 — 

There are tivo systems of force units, (a) the absolute and (b) the 
gravitational. The absolute units do not vary throughout the 
universe, but the disadvantage of the gravitational units of force is that 
they are not constant, because they depend upon the pull of the earth, 
i.e. the value of the acceleration due to gravity (g), which varies, 
though slightly, at different places on the earth’s surface (see 
Chapter V). « " 

(a) Absolute or Dynamical Units of Force, 

The F. P. S. absolute unit of The C. G. S. absolute unit of 
force is called one poundal , which force is called one dyne , which is 
is the force that creates an accele- the force that creates an accelera - 
ration of one foot per second per Hon of one centimetre per second 
second when acting on a mass of per second when acting on a mass 
one pound , / of one gram . 

- (b) Gravitational unit.— The weight of a body is the force with 
which it is attracted by the earth. The acceleration with which . a 
body falls freely is denoted by V, the value of which in the F. P. S. 
system is 32*2 ft. p,er sec. per sec., and in the C. G. 6. system the 
value is 981 cm. per sea per sec. So — 
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GO The weight, or force, of 1 lb. acting on a mass of 1 lb. 
produces an acceleration of 32'2 ft. per sec. per sec. 

But the force of* 1 poundal acting on a mass of \ lb. produces 
an acceleration of *1 ft. per sec. per sec. <* 

Weight a pound (also called a pound-weight) = 32*2 
(i-e. g) poundals. 

/. m pounds- weight = mg poundals. 

Hence, a force of 1 poundal = s l/32‘2 weight of one pound. 

= wt. of 16/322 oz. 

= wt. of half an ounce nearly. 

(ii) Again, the weight, or force, of one gram acting on a mass 
of 1 gram produces an acceleration of 981 cm. per sec. per sec. 

But the force of 1 dyne acting on a mass of 1 gram produces an 
acceleration of 1 cm. per sec. per sec. 

weight of a gram (also called a gram-weight) = 981 (i.& g) dynes. 
m grams- weight = mg dynes. 

Hence, a force of 1 dyne ^=1/981 of a gram-weight. 

Generally, if m lbs. be the mass of a body, the only force acting 
on it is its weight, W. So, by substituting W for P, and g for / in the 
formula P = m/, we get, W = mg ; 

i-e. Weight of a body (in poundals) = mass (in lbs) xg ; 

where (g = 32'2) 

and Weight of a body (in dynes) = mass (in grams) x g ; 

(where g = 981) 

[Note. — A force of 1 dyne can be practically realised by th^i weight W of 
one milligram ; for W—mg ■■ 1/1000 x 981 ■■ 1 dyne (nearly)] . 

The gravitational unit of force is the weight of unit mass. 
Hence — 

The F . P. S. gravitational The C. G. S. gravitational 
unit of force is a force equal to unit of force is a force egual to 
the weight of a pound. the weight of a gram. 

So, from (i) and (ii) above \ 

the gravitational unit of force absolute unit of rorce. 

• [Note. — (i) The weight of a pound has different values at different 
places of the earth due to the difference in the values of g. 

(ii) The formula P~mf is true only when all the forces 


are 
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expressed in absolute units, i.e. in poundals or dynes, and not in 
pounds- weight or grams- weight. # • 

(iii) In solving problems using the above fornyila, (a) reduce all 

the forces intj absolute units (if they are given in gravitational units, 
i.e . in lbs r wt. or gms.-wt) by multiplying by "the corresponding 
value of { /. * 

(iv) Finally, if necessary, reduce the forces to gravitational units 
by dividing by V . J 

42. Relation between a Dyne and a Poundal. 

1 Poundal = 1/32*2 wt. of a pound 

= 1/32*2 x 453*6 wt. of a gram, (v 1 pound = 453*6 grams) 
= 981/32*2 x 453*6 dynes ( V 1 gm. wt. = 981 dynes) 

- 13,800 dynes. 

Examples.— (1) Express in dynes the force due to 1 ton weighty (g** 981*4 
cms. per sec. 2 ) 


# 1 ton weight = 2240 lbs. wt. = 2240 X 453 6 gms. wt. 
y = 2240x453*6x981*4 dynes. = 9*97 x 10 8 dynes. 

(2) A force equal to the weight of 10 lbs . acting on a body generates an 
acceleration of 4 ft. per sec. per sec. Find- out the mass of the body. 

Here F = wt. of 10 Jbs. = 10X 32 poundals :/= 4 ft. per sec. per sec. 
jjA * by the formula P= mf we have 10 X 32= m X 4 ; or m= 80 lbs. 

A train weighing 400 tons is travelling at the rate of 60 miles an 
hour. The speed of the train is reduced to 16 miles per hour in SO seconds . 
Find* the average retarding force on the train. 

400 tons = 400 x 2240 lbs. ; 60 miles an hour =88 ft. per sec. 

15 miles an hour=22 ft. per sec. 

We have, by equation (2), p. 37, Pt^mv — mu 
or P x 30 = (400 x 2240 x 22) - (400 x 2240 x 88) A 


400 X 2240 X 66 


- 1,971,200 poundals. 


(4) On turning a corner a motorist rushing at 45 miles an hour finds a 
child on the road 100 ft, ahead. He instantly stops the engine and applies 
brakes so as to stop within 1 ft. of the child (supposed stationary). Calculate 
the time required to slop the car, and the retarding force. ( Ca/r and the 
passenger weigh 2000 lbs. ) (Pat. 1939.) 

Here fw=45 miles per hour = 66 ft. per sec. 

The final velocity r=0, and the distance travelled before the car stops 
■*100—1 = 99 fa 

If /be the acceleration generated by the force, we have •y a = w a + 2/« 

— 66 a 

or 0 = 66® + 2/X99; when/*^— ■■ -22 ft. per sec®. 
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Again, v — u+ft ; or 0-66-22 t ; whence f- 66+ 22 -3 sec. 

or the time required to stop the car — 3 sec. 

The retarding force P— mf— 2000 x 22 — 44,000 poundals. 

A constant farce acts for 3 secs, on a mass of 16 lbs. a r n.d then ceases 

a>ct Du/ring the next 3 secs, the body describes SI ft , Find out the 
magnitude of the force in Ibs.-wt. and poundals . (Acceleration due to 
gravity — 32 ft per sec . per sec.) (Pat. 1947). 

If the force P acts for t secs., the impulse Px t—m(v — u). 

Here . u— 0, so we have P x 8 — 16 v # 1) 

After the force ceases to act, the body describes 81 ft. in 3 secs. So the 
uniform velocity during this period v — 81/3 — 27 ft. 

•\ from (1) P— -"-—^ — 144 poundals. (or 4'5 Ibs.-wt.) 

t> 82 

Otherwise thus ; — 

The uniform velocity during the last 3 secs. — 81/3 — 27 ft. 

So, 27 ft. is the final velocity of the first 8 secs. 

Hence, considering the first period of 3 secs., we have 

u-0 ; t>-27 ;/«? 

v— u+ft. or 27 — 0+/X3; / —27/3 — 9 //. per sec 2 . 

Hence P— w/— 16 x 9— 144 poundals ; (or 4'5 Ibs.-wt.) 

48. Physical Independence of Forces.— The latter part of the 
Second Law states that change of motion produced by a force takes 
place in the direction of the force. 

If two or more forces act simultaneously on a body, each force 
will produce the same effect independently of others. Hence their 
combined effect is found by considering the effect of each force on the 
body independently of others and then compounding their effects. 
This principle is known as the Physical Independence of Forces . 

Illustrations. — (a) A stone dropped from the top of the mast of a ship, 
which is travelling without rolling, falls at the foot of the mast, whether the 
ship be in motion or not, and the time taken by the stone to fall is the same 
in the two cases. 

This shows that whether the stone be initially in motion due to the ship’s 
motion, or at rest, when the ship is not moving, the attraction of the earth 
produces the same result upon the stone. 

(b) A circus rider is another good illustration. When ife the course of 
running the rider jumps in a vertical direction from the y >rse's back, his 
hottSgptal velocity, which is the same as that of the horse, retrains unchanged 
mad Independent of the vertical foroe due to his weight. ' For this reason he is 
t&e to &flgbfe again on the horse’s back and doeB not fall behind* - 
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^^6. Circular Motion. — Suppose a particle A moves round a 
circular path of radius r with a uniform velocity v (Fig. 22). If the 
particle were free to move, it would travel along A^B in a"tangential 
direction. Thel^article is, however, constrained to rppve in a circular 
path, and, sipce the velocity is constant, any such force must always 
act perpendicularly to the path of the particle at <any instant, i, e . 
towards the centre. 

Let A G represent a small arc discribed 
in time t . Had there been no constraining 
force in the direction BG , the particle 
would be moved through a distance AB in 
a tangential direction, where AB — vt. 

During the same time t , the particle 
has been deflected through BC under the 
action of the constraining force. Hence, 
if / be the acceleration due to the force, 
we have BC^ift 2 . 

From the figure, OB 2 = OA 2 + AB 2 

(r + BG) 2 = r 2 + AB 2 
or r 2 + 2. r. BG. +BC 2 =r 2 + AB 2 
or 2?*. BC + BC 2 = AB 2 

Buf, as BG is very small, BG 2 may be neglected. 

Hence, 2r. BC=-AB 2 , or 2 r*\fl 2 =vH 2 ; or fr = v 2 ; 



Hence, when a particle is moved round a circular path of radius 
r with a uniform velocity v , it is always subject to a normal accelera- 
tion towards the centre. If m be the mass of the particle, the corres- 
ponding force = mv 2 lr (in absolute units.) 

47. Centripetal and Centrifugal Forces. — The normal force 
(mv 2 lr,) which acts upon a rotating particle in a direction towards the 
centre of the path in order to constrain it to move in the circular path, 
is known as the Jentripetal Force. In the absence of this force, the 
• particle might have pursued a rectilinear path. This force is resisted 
by an equal aid opposite force (Newton’s Third Law of Motion), 
the tendency of * which is to make the body fly outwards . This is 
known as ihp Centrifugal Force. This force is exerted by the 
rotating particle od the centre of its circular path. 
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Every cyclist must have noticed that the mud from a bicycle tyre 
flies off tangentially when there is not sufficient adhesive force 
between it' and tha tyre to keep it moving in a circle. 

Some Illustre|;ions. — (i) If we tie a piece of stone*' with a string 
and swing it round in a circle by holding the other end, we feel that 
we have got to ekert a force along the string towards the centre of 
the path. • This force is the centripetal force. Due to reaction there 

is also a force, of magnitude mv 2 lr which is 
directed away from the centre of the path. This 
force is exerted by the stone upon the string 
due to which the string is kept tight. This 
is the centrifugal force. If the centripetal 
force vanishes, the centrifugal force does 
also vanish. 

(iij Motion of a bicycle rider on a 
circular path is also an example of the 
centrifugal force . A cyclist turning a corner 
instinctively inclines his body inwards to- 
Fig. 23 wards the centre of the curved path (Fig. 23). 

At that time the forces acting are, (a) Mg, the total weight of the 
machine and rider ; (b) the centrifugal force Mv*/r , where r is the 
radius of the curved path and v the velocity ; (c) a frictional force F , 
and (d) the vertical component Q of the reaction of the ground. The 
couple formed by Q and Mg is balanced by the couple formed by F 
and Mv 2 /r . 

The higher the speed, the greater will be the centrifugal force, and 
the rider will have to bend his body inwards at a greater angle. Since 
Mv 2 ir and F are equal there will be a slip when the limiting value of 
the friction will be attained. 

(iii) The Banking of Tracks — A racing track for a motor car is 
constructed in such a way that it is banked inwards, so a stationary 
car would have a tendency of slipping towards the centre of the track. 

In the case of a railway train taking a bend the tendency of the 
train to move in a straight line produces a pressure on the curved rails 
and the reaction of which at the flanges of the wheel supplies the 
necessary centripetal force. But for a high speed of%be train there 
is always a danger of derailment, to avoid which the otLer rail is placed 
a little higher than the inner one, so that the upward Reaction of the 
Tails due to the part of the weight of the van may supply the necessary 
« centripetal force, 

A bucket containing water may be rapidly swung round in a 
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vertical eirole without the water falling out even when it is 4 upside * 
down. k 

(iv) Centrifugal drier. — This affords another example of the cen- 
fugal force. This is used in laundries. The wet clothing which is to- 
be dried is placed in a cylindrical wire 1 cage which is caused to rotate 
at a high speed. The water becomes separated from the clothing and 
flies out, as the adhesive force between it and the 'material of the 
clothing is not sufficient to keep it moving uniformly in the circle. 

(v) Cream separator. — A given volume of cream has smaller 
mass than the same volume of skimmed milk, and so a smaller force 
is required to hold it in a circle of a given radius. Hence if cream 
particles and milk particles are set in rapid rotation, the milk particles 
will have greater tendency to m<?ve to the outside of the vessel, the 
cream particles remaining nearer the centre. 

(vi) Flattening of the Earth. — Initially the earth consisted of a - 
mass of fused matter. Due to the revolution of the earth about its 
axis centrifugal force is generated, which is greatest at the equator 
and which decreases gra<bal)y towards the pole. As a result of this 
the eo$th is bulged at the equator and has got flattened at the poles. 

(vii) Watt’s Speed-governor. — This device was originated by 
James Watt for automatic regulation of the maximum speed of a steam i 
engine. It consists of two heavy metal 
balls A and B at the end of two rode 
hinged at the top of a vertical rod V 
[Fig. 5$ (a)]. The balls are again supported 
by two other rods resting upon the safety 
valve of the engine. Ordinarily the 
valve remains closed by the weight of the 
balls partially communicated through the 
rods. The vertical rod, being geared with 
the engine shaft, takes up the speed of 
the shaft. When the speed of the engine 
goes high the centrifugal force acts on 
the balls which then gradually rise up 
and thus partially diminish the weight on 
the valve. This opens the valve and reduces the pressure of steam' 
which slows down the speed of the engine. The balls now drop down, 
and close the vatfe again. Thus the speed of the engine is automati- 
cally regulated a constant value. 

(viii) A botfy loses weight due to the Earth's rotation. — As the 
earth rotates, ^everybody on its surface also rotates with the 
same angular velocity which requires a centrifugal force acting on* 



Watt’s governor 
Fig. 23 (a) 
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it, the magnitude of which is mv 2 !r (Art. 47). The only force acting on 
these bodies is tfye attraction of the earth clue to gravity ; so the 
apparent weight of each body at the equator should be (mg-mv 2 /r) or 
rn>}(g-v 2 lr). 


The value of the linear velooity of a particle is I'reatest at the 
equator and gradually diminishes towards the pole, where the value 
is zero. So the centripetal force is also greatest at the equator and 
it is zero at the poles. Hence the reduction in weight of a body is 
also greatest at^the equator, that is, the gravitational attraction on a 
body (and so the apparent weight) is less at the equator than at the 
poles. This is the reason of the bulging of the earth at the equator. 


v^Esamples . — A stone whose weight is*l lb. swings round in a circle at 
the end of a string 4 ft. long and, takes ^ second for every complete revolution . 
Calculate the stretching force in the string. * 


The magnitude of the stretching force — m v 2 jr. 

Tr . . ,, . distance 2irr 

Velocity of the stone v — - 

time tw> 


mv 2 m^ 4fr 2 r 2 _ mX\ic 2 r 3 x 4 x 9*87 x 4 

r 7 2 Xr * ~t* “ \ % 

681 ‘68 
32*2 


■“631*68 poundals ; or 


! 19*6 lbs.-wt. 


Jt £t 

* 2. Calculate the apparent weight of a body of one-ton mass at the 

equator, the radius of the earth being 4000 miles. 

The apparent weight=m (g-v 2 /r) ; 4000 miles - 4000 X 5280 ft. ; and 1 ton 
-2240 lbs. * 

. . „ - a/ 2240X4X 9*87 x 4000 X5280 /TT , nj 

As ,n Ex. 1, ----- m x W (HereJ-24 hr S .) 

250’2 

— 250*2 poundals- lbs. wt. - 7*77 lbs. wt. 

Hence the apparent wt. of the body — 2240- 7*77 — 2282*28 lbs. wt. 


Questions 


Art. 38. 


1. Explain clearly how the idea of ‘inertia’ of a bo< 
Newton’s First Law of Motion. 

1 (a). What do you understand by force ? 

Arts. 39, 40, 41. 


is deduced from 
(Pat. 1921). 

(Pat. 1947) 


• 2. State Newton’s Second Law of Motion and explain how it enables you 
to measure forces. (Pat. 1918, ’25, ’26, ’80, '47 ; C. U. 1934) 
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3. State the laws of motion which are associated with the name of 

Newton in their final form, and add explanatory notes leading to the definition 
of a force and of the unit for its measurement. * (Pat. 1940) 

* 

4. State Nekton’s Second Law of Motion and show how starting from the 
law of Parallelogram of velocities, we can arrive at the law* of Parallelogram 
of forces. What is the relation between a poundal and a pound-weight ? 

* (Pat. 1926) 

5. State and explain the laws of motion. , (C. U. 1930) 


6. The speed of a train of mass 200 tons is reduced from 45 m. p. h. to 

'30 m, p. h. in 2 min. Find (a) change in momentum, (bl average value of 
the retarding force. ^ (S. C.) 

[Ann : 9,856,000 f. p. s. units ; *55/48 tons wt.] 

7. %/ What definition for force would, you give ? What is momentum ? 

A train of mass 175 tons has its velocity reduced from 40 miles per hour 
to zero in 5 minutes. Calculate the value of the retarding force assuming 
that it is uniform. What has been the change in momentum ? (P. U.) 


[Am : 


1 


Retarding force 33 1*07 torts- wt. ^ 

Change in momentum** 10270 tons-feet/sec.] -(j) 


7 (a). What are the units in common use for expressing a force ? (Pat. 1947) 


8. Find the uniform force required to stop in a distance of 10 yards a 
3 ton lorry running on a level road at a speed of 15 in. p. h. Find also the 
time during which the force acts. (S. C.) 

j An* : ? 1,694 lbs, wt. ; 110/11 secj » 33** »*>* • ^ j 

\/8.«(a) Slate Newton’s Law of Motion and discuss the bearing of the 
second law on the use of the word ‘force’. 


A velocito of one foot per second is changed uniformly in one minute to 
a velocity of one mile per hour. Express numerically the. acceleration when 
a yard and a mimjte are the units of space and time. (Pat. 1985) 

[Am : 9j yds. per min 2 .] 

Art 45 


9. (a) State Newton’s third law of motion and explain it by examples 

of its apidication. (Pat. 1946) 

(b) A man who weighs 100 lbs. slides down a rope hanging freely, with 
•a uniform speed of 3 ft/sec. What pull does he exert upon the rope, and what 
would happen if at a given instant he would reduce hi^pull by one third ? 

10. When a $ian drags a heavy body along the ground by means of a 

rope, the rope dra^ the man back with a force equal to that with which it 
drags the body forward. Why then does motion ensue ? (Pat. 1928) 

11. Explain dearly how a horse produces motion in a carriage to which.it 

is tied by means of a rope by pulling it, in the face of the 3rd law of motion. 

* (Pat. 1933) 
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12. Explain with the aid of a diagram the Eight of a bird. (Pat. 1981> 



Fig. 24. 


Hint*.— At the time of flying* 
the bird strikes against the air with 
wings, but as every action has its- 
opposite reaction <• (Newton’s 3rd 
Law of Motion), the forces OA , 0B» 
due to reaction act in opposite 
directions (Fig. 24). If OA , OB 
represent these reactions in magni- 
tude and direction, then, by the 
Parallelogram of forces, the resul- 
" tant force with which the bird 
advances is represented in magni- 
tude and direction by OC .] 


Art. 46. 


18. Explain why a force is needed to keep a body moving uniformly in a 
circle. Calculate this force in terms of the mass of the body, its uniform speed, 
and the radius of the circle. (Part. 1944) 


Art. 47. 

14. What are centripetal and centrifugal forces, and what are their rela- 
tions with a body moving on a circular orbit ? Discuss in detail their impor- 
tance to man. ' ( Pat. 1932) 

Find the pressure, exerted on a vertical wall by the water from a fire - 
nouse, which delivers/ water with a horizontal velocity of 18 metres per sec. 
from a circular nozzlj of 5 cm. diameter. The water is assumed not to rebound. 

(L. M. B.> 

[Ana : 6*37 * id 7 dynes.] 


i 

W 




CHAPTER Y 


Gravitation and Gravity : Pendulum 

48, Laws of Gravitation. — 

U) In nature every material body attracts evert other material 
body towards itself . A 

(2) The force of attraction between any twoi bodies varies 
directly as the product of their mpt&ses and inversely ai the square of 
the distance between them . ' 
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If wii and m 2 be the masses of two bodies and d the distance 
between them, the force of attraction F, which each* exerts on the 
other, F*m 1 m 2 , and also F**l/d 2 ; 




m ± wi2 
d 2 * 


or 


u d 2 **- 


where (? is known as the Universal Gravitation constant. Its value, 
as given by Boys, is 6*65 * 10" 8 in C. G. S. units. 

Let and m 2 in the above equation be each equal to 1 gram 
and d equal to one centimetre, then G = F 9 which means that G is 

between two masses, '"each 


of one gram, w hen wparateA hy a duitance^f. one^ ce ntimetre. « 

^Gravitation and' Gravity. — The force of attraction between 
any two material bodies is called g rav itation. The term is more 
specially applied to the attraction exelrtecTTietween two heavenly 
bodies. 

Gravity is the force of attraction that the earth exerts on other 
bodies on or near its surface towards its centre. If the mass of the 
earth is takefi to be M and the mass of any object on its surface is m, 

the force of attraction due to gravity where B is the radius 


of the earth. So Gravity is a particular case of gravitation and may 
be called earth’s gravitation. The weight of a body is due to this force , 
and as this force is not the same at all points on the earth’s surface, 
the weight of a body is not constant all over the globe . 

The earth is a sphere and for a body external to it, it acts as if its 
whole mass were concentrated at its centre ; and as this mass (about 
# 5’98 * 10 27 grams) is so large in comparison with that of a body 
attracted by it, the effect of their mutual attraction is seen in the 
movement of the body towards the earth along one of its radial or 
vertical lines. * ^ 

&0. The acceleration due to gravity (g). — We know that any force 
acting on a body produces acceleration in it, so a body falling freely 
due to the force of attraction exerted by the earth, i.e . the gravity, 
experiences a uniform acceleration, which is denoted by the letter ‘g* 
and is called the acceleration due to gravity. 

We have seen in Art. 48 that the force of attraction due to gravity 
varies inversely as the Bquare of the distance from the centre of 
the earth. Tborefyre the acceleration due to gravity ‘g’ also varies in 
the same way acceding to Newton’s second Law of motion, mass being: 
Constant. It also^aries due to rotation of the earth on its axis. 

The value of gj the acceleration due - to gravity, at sea-level and. 
in latitude 45° is generally taken as the standard for reference. The 
value of g. at any place depends upon its height above the sea-level. 


4 
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being less at the top of a high mountain. The value of g is constant 
at the same place ,** nd varies with the latitude. It is minimum at the 
Equator and increases gradually to attain the maximum value at 
either of the Poles?* At the Equator, the value of g is about 978 cm. 
per sec. per sec., and at the Poles, it is about 983 cm. per sec. per sec., 
and so the mean value of g is taken to be 981 cm. per Bee. per sec., or 
32'2 ft. per sec. p&r sec. 

VARIATION OF ‘g’ WITH LATITUDE 


Place 

Latitude 

Value in 
ft./sec. 1 2 * * * * * 

Value in 
cm./see. 2 

Equator 

0°0' ’ 

3209 

978*10 

Madras 

L3°4' 

32’10 

978*36 

Bombay 

18°53' 

32*12 

978*63 

Calcutta 

22°82' 

32*13 

978*76 

New York 

40 8 43' 

32*16 

980*19 

Paris 

48°50' 

| 32*18 

j 980*94 

London 

51°29' 

| 3219 

j 981*17 

Poles 

i 

90° 

1 1 

j 32‘25 

| 983*11 


51. Variation of ‘g* (i.e. also wt. of a body) from place to place. — 
Let B be the radius of the earth and I) its mean density, then the 
mass of the earth, € 

(1) The value of V or wt. of a body above or below the 
earth’s surface, — 

(a) Above earth’s surface. — At a height h above the surface of the 
earth, the force of attraction on a body of mass m , according to the 

second law of gravitation ! 0 -^ 2 . 

So, the force of attraction, and hence the acceleration due to 

gravity, on a body above the surface of the ealbh is inversely 

proportional to the square of the distance of the body from the centre 

of the^sarth. So V will be less as the distance increases from the 

surface of the earth. 
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(b) Below the surface of the earth. — Again, consider 'a body at 
a depth *K below the surface of the earth. Imagine a sphere concentric 
with the earth and with its surface passing through poipts at a dis- 
tance below the surface of the earth. It is known that the gravi- 
tational forcfc of attraction inside a hollow spherical shell is zero. 
Here the given body is on the surface of the inner sphere, but it is 
inside with respect to the portion of the earth dhtside the smaller 
sphere ; so the latter portion has no attractive force on the body. 
Therefore, the force of attraction on the body will be due to the 
inner solid sphere of radius ( R - h) towards the centre of the earth 
and is equal to, 

I "(B-fc) 8 . 7>.m f n n 
{R~ -h) * “ * 0* " W- Dm, 


where % n {R - h ) 3 . D is the mass of the inner sphere. 

.’. The force of attraction, and hence g inside the earth, is directly 
proportional to (R - h), that is, to the distance of the body from the 
centre of»the earth. 

So g will he less inside the earth’s surface, the greater the depth 
the less is the value of g. Hence the maximum value of V is on the 
surface of the earth , and the value of g is minimum {i.e. zero ) at the 
centre of the earth . 

(2) The value of ‘g’ or wt. of a body on the earth's 
surface. — It varies due to two reasons. 


(a) The peculiarity in the shape of the earth. — As force of gravity 
is irfversely proportional to the sq. of the radius of the earth at a place 
on it, it is greatest at the poles and least at the equator, since the 
polar radius is the least and the equatorial radius the greatest, the 
difference being about 13\5 miles. So the value of V or wt. of a body 
decreases from the poles to the equator, 

(. b ). The rotation of the earth about its axis. — Owing to diurnal 

rotation of the earth about its axis, everybody on it revolves and its 
wt. (-the force of gravity) is opposed by the centrifugal force gene- 
rated and therefore the observed wt. of a body is less than its true wt. 
But this loss in wt, is least at the pole and increases to a maximum at 
the equator, for during diurnal rotation a point near the pole has a 
smaller linear velocity than one at the equator, the former having to 
describe a smaller circle than the latter in the same time and is hence 

if / mv 3 \ 

subjected to i smaller centrifugal force too ( — — j. Thus due to 

this reason a/so a body should weigh less at the equator than at the 
poles. 
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52, Centre of Gravity. — It follows from the law of gravitation 
that every particle of a body upon the earth's surface is attracted to- 
wards the cenjbre of the earth. The sum of all the attractive forces 
on the particles of the body is equal to the total attractive force of the 
earth upon the body 1t i.c. to the weight of the body. So thu weights of 
all the small particles of the body can be regarded as a system *of forces, 
which, considering tne length (about 4000 miles) of the radius of the 
earth, may be considered to be parallel, all acting vertically downwards. 
These parallel forces can be replaced by a single resultant force — which 
is equal in magnitude to the weight of the body 
— also acting vertically downwards at a single 
point G in the body (Fig. 25). This point is 
called the centre of mass or centre of gravity 
(written, C. G.) of the body. Hence the centre 
of gravity of a body may be defined as the point 
through which the line of action of the weight of 
the body always passes , m whatever manner the 
body may be placed . So, when a rigid body is 
Fig. 25. supported at its centre of gravity it will remain 

in equilibrium. If *he body is freely suspended by a string, the centre 
of gravity of the body lies vertically below the point of attachment of 
the string. 

Experimental Determination of Centre of Gravity, (a) The 

centres of gravity of regular geometrical figures can be determined very 
easily. The centre of gravity of a rod having 
the same breadth, thickness, and density through- 
out, is at its middle point. The centre of gravity 
of a parallelogram is at the intersection of its 
diagonals. The centre of gravity of a triangular 
lamina is found by bisecting any two sides and 
joining the middle points so obtained to the 
opposite vertices. The centre of gravity is at the 
intersection of the lines so drawn. The centre 
of gravity of a circular lamina is obviously at its 
centre, and also the centres of gravity of solid 
homogeneous spheres and solid cubes are at their 
centres. 

(b) The centre of gravity of an irregular 
lamina, say an irregular sheet of cardboard, can 
be determined by suspending it with the help of 
the stand 0 from different corners of the lamina. 

(Pig. 26J. When it is suspended from one corner T by a string, the 
centre of gravity lies on the vertical line given by the plumb line TO 





EQUILIBRIUM 


through the point of suspension. This line is marked in chalk on one 
face of the lamina. The operation is repeated by suspending the lamina 
from another corner. The intersection of the two chalk lines gives the 
centre of gravity. On suspending the body from jother corners, the 
other vertical lines so obtained will also pass through the common 
point of intersection, called the Centre of Gravity.* 

58. Stable, Unstable, and Neutral Equilibrium.— A. body is in 
equilibrium if the resultant of the forces is zero, and also if there is no 
moment tending to turn the body about any axis. 

Suppose that a body is displaced slightly from its position of 
equilibrium. It may happen that the forces tend to restore the body 
to its original equilibrium condition, or the forces may tend to increase 
the displacement. In the former case the equilibrium is called stable, 
and in the latter case unstable. If, however, the forces have no 
tendency to increase or diminish the displacement, the equilibrium is 
called neutral. 

A bocfy is, hence, said to be in stable equilibrium if it returns to 
the original position, when slightly displaced from it. A cube resting on 
its side, a glass funnel resting on its mouth, a pendulum are examples 
of stable equilibrium. 

A body is said to be in unstable equilibrium if, after a slight 
displacement, it moves further from its original position. A cone 
standing on its points, a glass funnel standing on the end of its neck, 
an qgg standing on its end are examples of unstable equilibrium. 

A body is said to be in neutral equilibrium when, after a slight 
displacement, it neither returns to the original position nor moves 
further from it. A spherical ball resting 
on a horizontal plane, a cone or a funnel 
lying on its mde are examples of neutral 
equilibrium. 

In stable equilibrium the centre of 
gravity of a body is at its lowest position , 
and a slight displacement tends to raise 
it. When the glass funnel A (Pig. 27) 
is slightly tilted, its C. G. is elevated 
.and so the hpdy returns to the original position as soon as it is 
allowed to do it. 

i 

In unstaHe equilibrium the C. G . is at its highest point , and a 
slight displacement tends to lower it. When the glass funne.1 B 
(Pig. 27) is slightly, tilted, the G. G. at once occupies a lower point, 
and comes outside the base, and so can easily be overturned. Remember 
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that the centre ot gravity of a body alwayB tends to occupy the 
lowest possible position. 

In neutral equilibrium the G , G. is neither raised por lowered 
by a slight displacerfimt. This is evident in the case of the funnel C 
in Kg. 27. ^ 

54. Friction. — Whenever two bodies are in contact, any attempt 
to slide either over the surface of the other will set up forees which 
oppose the motion.' Such forces are called forces of friction between 
the two surfaces in contact. 

Friction is important in our daily life. If there were no friction* 
walking would be impossible, nails and screws would not remain in 
the wood, fibres of a rope would not hold together, a ladder would not 
rest on the ground, and locomotive engines would not be able to* 
draw a train. 


Let a rectangular block of wood rest on a horizontal tarble B G 
(Fig. 28). The forces acting on the block are its weight W acting 



vertically downwards, and the re-action 
B acting normally upwards at the 
surface of contact. So long as the block 
is at rest, R is equal to W. Now, 
suppose a small force P is applied to 
the block parallel to the surface BC . As 
the applied force P is gradually 'in- 
creased, the opposing force of friction 
F also increases at the same rate until 


2g a certain maximum is reached. If the 

applied force be increased beyond this 
value, the block begins to move. The magnitude of this maximum force 


when the block is just on the point of sliding, measures what is 

called the Limiting friction (or Static friction). 


When the block has once started to move, a smaller force,, 
would be found to be sufficient to keep the block moving with a* 
constant velocity ; this smaller force is called Sliding friction (or 
Kinetic friction). 

\ 

54 (a). Laws of Friction. — Friction obeys the following laws : — 

(i) It always opposes motion. 

(ii) It is proportional to the total pressure between the surfaces 
in contact.. 
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(iii) It is independent of the extent of the areas of the surfaces in 
contact, but it depends on the nature of the surfaces fa’Contaot. 

(b). Co-efficient of Friction. — If the normal reaction acting 
across two soli^ surfaces in contact be equal to R*, and F denotes 
the limiting friction, the constant ratio, FIR, is called the co- 
efficient of friction, which is generally denoted by 41 . So, we have 
F=nR. 

Expts. — (i) Horizontal Plane. —Placo on a horizontal wooden table a rec- 
tangular block of wood [fig. 28(a)] to act as a slider. The surfaces in contact 
of both these pieces of wood should be 
as smooth as possible. The slider is 
attached to a light string, which is 
passed over a light pulley fixed at the 
end of the table. A scale pan is 
attached to the end of the string 
passing over the pulley. The pulley 
should be so fixed that the position 
of the string^above the table should 
be horizontal. 

Weigh the slider and put a known 
weight on it. Now put weights on 
the scale pan until the slider is just 
on the point of motion. Near about 
the slipping point gently tap the 
table to ascertain the required weight 
to be placed on the scale pan. If \V 
be the total weight of the slider and 
the weight placed on it, and W' the total weight of the scale ^pan including the 
weights w placed on it, the value of the limiting friction =* W\ and that of the 
normal reaction 1 * W. So, we have, fl\V~ W* ; or fi** W'j W. 

Repeat the experiment several times with different weights on the slider, 
and again on inversing the block and thus find out the mean value of jU. 

(ii) Inclined Plane. — Place a rectangular slab of wood D on an 

inclined plane AB (Fig. 29), and 
gradually increase the inclination 
of the plane to ft, when D just 
begins to slide down the plane. 
Ascertain this by gentle tapping 
as in the last method. When 
this is the case, the friction 
F (“/'i?) acts up the plane and 
balances the component (“».TF 
sin 0) of the weight acting down 
the plane. The normal reaction R acts at right angles to the plane. 



f R 



Fig. 28 (a) 
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Besolving W in directions perpendicular and parallel to the plane, 
we have, , • 


Hence, 


W cos 6^ It, and W ain 
F W sin 0 


It W cos 6 


■ tan 0. 


But 


f ; 


•*. ti' m tan 6 ; ir, the co-efficient of friction is simply the tangent of the 

angle at which sliding begins. Again, tan 6*=^—— of the plane « — . 

base * AG 

Hence ttw co-efficent of friction is obtained by taking the 
height of the plane and dividing it by the base. 

Bepeat the experiment several times and calculate the mean value 
of fi . 


55. Machine.— A machine is a contrivance by which a force 
applied at a given point is made to overcome a resistance (force) at 
some other point with an alteration in its direction and magnitude or 
both. The first force ( i.e . the force applied) is called the" effort (or 
power), and the resisting force overcome by the machine is called 


r j 

the load (or resistance or weight). The ratio ------ is 

Effort 


called the 


mechanical advantage of the machine. 

Effieiency. — In any machine the useful work done by the machine 
is always less than the energy supplied to it, due to work done against 

.... mi , . rise ful work done . ,, „ , Ml . 

friction. The ratio - - -77-3 1S called the efficiency of the 

total encry supplied 


machine. A perfect machine utilises the entire energy supplied to it, 
and so its efficiency is unity. 


The ratio of the displacement through which the efeort works to 
the displacement of the load is called the velocity ratio of the 
machine. 


It can be shown that mechanical advantage = efficiency x velocity ratio . 

56, The Lever. — A lever is a rigid bar (straight or bent) which 
turns about fixed point called the fulcrum. The working force 
exerted to use the lever is called the effort or power, ' and the resis- 
tance overcome is known as the load or weight. The perpendioular 
distances from the fulcrum to the lines of action of the, forces acting 
on a lever are known as the arms of the lever. I 

— Let a metre stick A B be balanced on a sharp edge of a wedge - 
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L 


shaped piece of wood (Fig. 80), and Jet a weight, say 200 gm s., be Suspended 
by a string from a point 20 cms. • . ^ 

from the fulcrum P. Now, a 
point is found on the other side 
of P at whicl^ a weight of 100 
grns. will just support the load 
of 200 gins. ' This point will be 
found to be at 40 cms. from the 
fulcrum. It is seen at once that 
the product of (200 X 20) is equal 
to the product of (100x40). Tf, 

instead of 100 grns., a weight of 400 gins, is taken to balance 
200 gins., it must be hung at a point at a distance of 10 


□ 

" T T "I TTT" 

■fOT 

TT 

- i r nT 



P , 



i 



' t 



Fig. 80 


cms., 


the weight 
instead of 


of 

40 


cms., from the fulcrum. Again, it is seen that the product of (200 X 20) is 
equal to the product of (400x10). From this, the principle of the simple 
lever is learnt as follows : — 


Weight on one its perp. distance ^ weight on other x its perp. distance 

side of fulcrum from fulcrum side of fulcrum from fulcrum 

Or • Load x its arm =* Effort x its arm. 

57. Moment of a Force. — Each of the above products, i.e. the 
product of any force and its perpendicular distance from the fulcrum (or 
force x arm), is termed the Moment or turning power of the force . 
So the moment of a force represents the tendency of the force to 
produce rotation. 

Whenever a body is restrained at any point by means of a hinge 
or nail, the body is usually capable of turning about its point or line of 
restraint. For example, a door can only swing about its hinge, a 
pendulum swings about its point of support, and so on. 

Now, taking the case of a door, it will be seen that the moment 
or turning power of the force applied to the door depends upon 
(i) the magnitude of the force,— that is, a force of 20 lbs. can cause 
twice the amount of turning compared to a force of 10 lbs ; and ( ii ) the 
perpendicular distance from the point or line of restraint . The second 
effect will be evident at the time of opening the door, if the force be 
applied at right angles to the door, first near the hinge and then near 
the edge. It will bo seen that — the nearer the force is to the hinge ihe 
smaller the perpendicular distance and the greater the force must be to 
succeed in opening the door . 

58. Parallel Forces. — Forces whose lines of action are parallel 
are called parallel forces. Parallel forces are said to be like when 
they act in thejsame direction ; they are said to be unlike when they 
act in opposite ^directions. 

In Fig. 30, the two forces— a force of 100 gms.-wt. and a force of 
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200 gms.-wfc.— are acting downwards. In this case, they are like 
parallel forces. • With one of the forces acting upwards, they would 
have been unlike parallel forces. The direction of the resultant of 
like parallel forces will be the same as that of its component forces, 
and, in the case of unlike parallel forces, the direction o? the resultant 
is the same as th^t of the greater component. The magnitude of the 
resultant is the sum of the component forces in the case of like forces, 
and difference of the components when the forces are unlike. The 
resultant of two parallel forces acts at a point about which the sum of 
their moments is zero. 

Couple.— If a body is acted upon by two equal but unlike parallel 
forces they are said to constitute a couple . A couple acting on a body 
exerts a turning effect even if the body is not pivoted. 

The moment of a couple is the product of one of the forces and 
the perpendicular distance between them, and it is independent of the 
point about which the moments are taken. 

59. Three classes of Levers. — There are three classes^ of levers ; 
(a) that in which the fulcrum P is between the load (or resistance) L 
at B , and the effort E at A [Fig. 31 (a)] : — a crowbar used for moving a 
B p weight at its end, a spade used 

■ i ■ ■■ -y— — ■— — — - i , in digging, a common balance , a 

A IE pump handle are examples of 

^ this class, and a pair of scissors, 

L .£ forms a double lever of this 

P P r class ; ( b ) that in which the 

* 2 A load L is between the fulcrum 

w P and tho effort E [(Fig. 

Lie 3 1(b) | ; — a wheel barrow, an 

B I w oar aro examples of this class, 

A, cl p and a pair of § common nut- 

w V crakers is a double lover of 

L of this kind ; (c) that in which 

31 the effort E is between the 

fulcrum P and the load L 
[Fig. 31(c)] ; — a mans fore-arm, the treadle of a lathe, the safety valve 
of a steam engine are examples of this class, and a pair of fire-tongs 
forms a double lever of this kind. 

Considering the lever to be in equilibrium, we have, from Fig. 31,; 
by the law of moments , L*BP = ExAP (if the lever is without 
_ . , ,x Load AP 

Weight) ; or, Effort = pp- ( 

The ratio LIE is called the mechanical advantage of lever. 

59 (a). Wheel and Axle. — It is a modification of the lever. It 
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consists of two cylinders of different 
about a common fixed axis, the larger of 
* which is called the wheel and the smaller 
the axle FFig. 32(#)]. The load W to be 
raised is attached*to a rope coiled round 
i the axle and tHe effort E is applied to a 
rope coiled round the wheel in the oppo- 
site direction, so that when the rope 
round the wheel is uncoiled the rope 
round the axle is coiled round, and 
thereby the weight is raised. Fig. 32(b) 
shows a section where OB is the radius 
(r) of the axle and OA the radius (R) 
of the wheel. Taking moments about 0, 
the axis, E * OA = OB. 


diameters 

Wheel 


capable of turning 


The mechanical advantage = — , 


W 



E 


OA 

OB' 


Fig. 32 

Radius of w heel (R) 
Radius of axle (r) 


The windlass by which water is drawn from a well is of the same 
class as the wheel and axle, the crank-handle of which serving the 
purpose of the wheel. The capstan used on board a ship for raising 
the anchor is also of this class. 


60. The Pulley. — A pulley is also another simple machine 
which consists of a grooved wheel, called the sheave, over which a 
string can pass. The wheel is capable of turning freely 
about an axle passing through its centre. The axle is 
fixed to a framework, called the block. The pulley is 
termed fixed or movable according as its block is fixed 
or movable. 

* (1) The Single Fixed Pulley.— In this (Fig. 33), 
the load W is attached to one end of the string and 
the effort E is at the other end. With a perfectly 
smooth pulley and weightless string the tension of the 
Fig. 33 string will be the same throughout. Hence the distance 
through which the load is raised is equal to the distance through which 
the effort descends. For equilibrium, the moments of E and W about 
0,„the centre of thd wheel, must be equal and opposite ; or E x AO 33 * 
W x OB , but AO = OB being radii. Hence E = W. 

A The mechanical advantage = WjE — 1. 



In practice, pufleys are not perfectly frictionless, and W is always- 
less than E , that is, the' mechanical advantage is always less than 1, 
but iuspite of this the arrangement is useful as the operator can use -• 
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the weight of his body for raising the load. It is generally used for 
raising weigh t£, drawing curtains, pulling punkhas, etc . 

(2) *The Movable Pulley. — Here one end of the string passes 
round the pulley and is attached to a fixed support#(Fig. 34), and the 

# effort H is applied at the other end. # The load TT to 
be raised is attached to the movable ‘pulley. For a V 
frictionless pulley the tension of the string is the same 
in any point of it and is equal to E. When the 
strings are vertical the total upward force is 2 E and, 
neglecting the weight of the pulley, the downward 
force is W. So for equilibrium W ss 2E t So the 
mechanical advantage- Wi'E^ 2 ; i.e. a given effort 
can raise twice its weight. 

If the weight of the pulley is « and cannot be 
neglected, we have W +o>« 2E ; or the mechanical 
advantage — W/E = 2 - «>/. E. Thus the mechanical 

• advantage is sightly less than 2. < 

When the direction of the force is to be changed, another fixed 
pulley {B in Fig. 34) should be used, which does not in any way affect 
the mechanical advantage. 

(3) Combination of Pulleys. — A combination of pulleys is very 
often used inorder to secure mechanical advantages greater than two. 
Different systems having different mechanical advantages 

are used for different purposes, but the important combi- -ggfcp 
nation, which is in general use, is given here. 

Pulley Block.- This system (often known as the 
2nd System of Pulleys) consists of two blocks, each 
containing 2 or 3 pulleys, the upper one being fixed to a 
support and the lower one movable to which the load W 
is attached (Fig. 35). The string is attached to* the 
upper, or to the lower block, and is then passed round 
a movable and a fixed pulley in turn, finally passing over 
a fixed pulley, the effort E being applied at the free end. 

It should he noted that, when the string is attached to 
the upper block, the number of wheels in the two blocks 
must be the same, but when it is attached to the lower 
block, the number of wheels in it will be one less* than 
that in the upper one. 

The tension everywhere round the string is the 
same and is equal to the effort E. If the number of 
portions of the string in the lower block be n, the total 

* upward force on it is nE and this must be equal to the 


Fig. 35 
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load W supported, 
of the lower block. 


Thus, we have, nE — W+ o, when co is the weight - 


Hence the mechanical advantage * ^ " n - ~ . 

• Hj E 

• # 

v 61. Inclined Plane. — An inclined plane is a smooth rigid flat- 
^surface inclined at any angle to the horizontal. By means of this a 
heavy body can be raised to a certain height by the application of a 
force (or effort) which is less than the weight of the body. 

Let AB be the inclined plane inclined at an angle 0 to the hori- 
zontal line AC, and BG the height of the plane (Fig. 29). 

The body D is acted upon by three forces, (i) W \ its weight acting 
vertically downwards along D E, (ii) F, the force or effort, and (lii) B,. 
the reaction of the plane. Let the normal to the plane at D meet AC 
in P. Then L PDE = 90° - ADE = DAE = 0. 

Case I. — Let the force F act upwards along the plane (see Fig. 29). 
In order that the body may be in equilibrium, the sums of resolved 
parts of the forces parallel and perpendicular to the plane AB are 
separately equal to zero. Resolving W parallel and perpendicular to* 
kdP, we have W sin 0 along DA and, W cos 0 perp. to DA. 

r* Hence, W sin 0-F—O ; W cos 0 — B — O ; 

F=W sin 0 ; B = W cos 0. 


W 1 

The mechanical advantage, ,r = - — ; 

• F sin ( 

When 0 = 30°, the mechanical 
advantage “l + i** 2 ; that is, a body 
of weight W can be supported by 
another force P= IF/2, acting up 
the plane. • 

Case II. — Let the force F act 
horizontally, i.e. parallel to the base 
A C (Fig. 36). a* 

The vertical and horizontal 
'components of B are B cos 0 along 
ED and B sin 0 along FD. 

B cos 0 = W ; and B sin 0 — F 

_ t , . W B cos 0 

* The mechanical advantage,— « ^ ! 

r ti sin v 


length 


height 


- of the plane. . 



Fig. 36 


’ 00t 0 = heS^ Otth6pW 


62. Balance.— If in Fig- 31(a), equally heavy scale pans are hang, 
from A and B, where AP^BP, then if a weight W x placed in the pan 
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at A -is balanced by a weight W 2 placed in the pan at B, we have , by 
the law of moments (Art. 57). W x x AP*= W 2 x 2?P. 

But. AP=BP; .'. 

Or, when the arms of the balance are equal, a height placed in 
one pan is ‘balanced only by an equal weight placed in the other pan. 
This is the principle of the balance. 

The balance is an example of the first kind of lever in which the 
effort and load are equal. 

It has been shown 
(Art. 41) that the weight 
of a body is directly pro- 
portional to its mass (see 
also p. 63). The balance is 
an instrument for deter- 
mining the weight of any 
body by comparing its 
weight with the combined 
weight of a number of 
standard masses. 

The balance consists 
of a horizontal rigid beam 
balanced at its centre on a 
knife-edge which rests on 
an agate plane attached on 
the top of a vertical pillar 
(Fig. 37). 

Two scale pans of equal weight are suspended from stirrups (or 
hangers) carried by knife-edges at the two extremities of the beam. 
The distances between the central knife-edge and those at the 
extremities are called the arms of the balance, which should be equal. 
A long pointer attached to the centre, of the beam moves over a 
graduated arc (scale) fixed on the pillar. For accurate weighing the 
pointer should swing evenly to equal distances on each side of the 
middle mark of the scale. There is a lever arrangement (handle) by 
which the pillar, which supports the beam, can be lowered and the 
beam arrested in order to preserve the sharpness of # the knife-edges. 

The use. — To use the balance , it is first of all levelled by levelling 
screws at the base board and then adjusted by means of two screws* 
(adjusting nuts) at the two extremities of the beami until the pointer 
' oscillates equally on both sides of the middle division. The body to be 
weighed is then placed on the left-hand pan , and weights from the 
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Fig. 38 — Weight box. 


weight box are added on the right-hand pan until the pointer oscillates 
in the same way, i.e. until equilibrium is restored. Jis the arms are 
equal, the two weights on the two pans are also equal. So the weight 
on the right-hand pan is the weight of the body. 

Weight bo^ - The weight box (Fig. 38) with which a balance is 
provided contains the following weights : — 

100, 50, 20, 20, 10, 5, 2, 2, 1 grams. Besides 
these, the box contains a few fractional 
weights, — from 500 mgra. {i.e. 0*5 gm.) up 
to 10 mgm (i.e. 0*01 gm.). 

Rider. — For very accurate weighings 
by means of a good balance, a bent piece of 
wire of mass 10 mgm. (i.e. a centigram), 
called a rider , is often used. Each arm of 
a good balance is divided into 10 equal 
parts (Fig. 37), and the rider can be placed 
on the right arm at any one of these points 
by means of a sliding rod from outside the case in addition to the 
weights from the weight box already placod on the pan until the pointer 
swings equally on both sides. When the rider is placed on the lOth 
division, i.e . at the end of the arm, it is equivalent to adding 10 mgm. 
on the corresponding pan of the balance If the rider is placed on any 
other division, say the 1st, the equivalent weight on the pan becomes 
(rxf * 10), i.e. 1 mgm., and so the rider placed on the nth division is 
■equivalent to adding n mgm. on the corresponding pan. 

Note — (i) Weighing by a balance means determination of a known 
mass which has the same weight as that of the unknown mass; and 
mass being proportional to weight, a common balance is used only to 
-compare the masses ; for, 

Let W, W' fee the weights of two bodies in poundals or dynes, as 
the case may be ; and let their masses be m and m respectively. Then, 
we have, W-mg. and W^rrig, where g is the acceleration due to 

. , . . W mg m 

gravity at that particular pw.ee. .. 1Tr >= > 

° J W m g m 

Thus, the weights of two bodies at a given place are propor- 
tional to their masses. 


(ii) The posftion of equilibrium betweerf any two masses is un- 
altered by taking the balance to another place where the value of is 
.different, when weighing is done by a common balance. 

62(a). Requisites of a Good Balance — A good balance must be 
(a) accurate, (b) sensitive, (a) stable, and (d) rigid. 
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(a) For accuracy. — 

( 1 ) The two' arms must be of equal length. 

(ii) The centre of gravity of the beam must be vertically below 

the fulcrum, when* the beam is horizontal. i 

(iii) The scale pans must be of equal weight so that* the beam 
must be horizontat when the scale pans are empty. 

(b) For sensitiveness. — 

The beam of a good balance should appreciably deviate from its* 
horizontal position for a very small difference between the weights in 
the scale pans. 

The following conditions are to be satisfied in order that a balance' 
may be sensitive : — 

(i) The beam must be light, (ii) The arms of the beam must 
be large, (iii) The centre of gravity of the beam must be very near the 
fulcrum. 

(cj For stability.— 

It should return to its original position of equilibrium quickly 
after disturbance. 

This condition! is satisfied if the centre of gravity of the beam is 
below the fulcrum. It should be noted that this condition is opposed 
to the condition (iii) for sensitiveness, so for extreme accuracy in weigh- 
ing, as in chemical balances, the condition {iii) is sacrificed . 

(d) For rigidity. — 

The beam of a good balance must be sufficiently strong not to 
bend under the weights it has got to carry. 

62(b). Test of Accuracy. — Let a and b be the lengths of the 
arms of the balance, and S and S' the weights of the scaYe pans. Now, 
if the beam is horizontal with empty pans, we have, by taking mo- 
ments about the fulcrum, S. a=*S r . b (1) 

Again, the beam will be horizontal if equal weights W, W are 

placed on the pans. We have then, (W+ S). a~(W+ S'), b (2). 

From (I) and (2) we get, Wa-Wb a = h,i.e. the arms are of 
equal length ; and since S. a = S', b, we have S = S' ; .. 

i.e. the scale pans must be of equal weight. So, to test the 
accuracy of the balance, put a body in one of the scale pans, and put 
weights in the other pan to balance it. Next, interchange the positions 
of .the body and the weights. If the beam of the balance is still 
horizontal, the balance is true, otherwise the arms are of unequal 
length, if scale pans are of equal weight. 
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63 Weighing by the Method of Oscillation. — The operation of 
weighing by a sensitive balance takes a very long time before its beam 
comes to rest. It is, however, unnecessary to wait till the pointer 
comes to rest, for we can calculate the position, -which the pointer 
would occupy ft the balance comes to rest. This can* be done by ob- 
serving the readings of the scale corresponding to the turning points 
of the pointer while the balance is swinging. The jtosition bo deter- 
mined is called the 4 resting point'’ (written, R. P.) for a- particular 
adjustment of weights and load, or for empty pans. It is more accurate 
and much quicker to perform the weighing by this method, which is 
called the method of oscillation. This method is suitable when the 
weight to be taken is small. 

Procedure. — (1) Imagine the scale divisions over which the pointer 
moves to be numbered from left to right, as shown in the figure 
(Fig. 39). Slowly raise and lower the beam two or three times so that 
the pointer swings over about J of the scale divisions. When after 
two or thjve oscillations the motion 
becomes regular, take a reading of the 
turning point of the pointer, by avoiding 
parallax, as it swings to the left (say 4). 

Then read the extreme position of the 
subsequent swing to the right (say 14). 

Again road the next swing to the left 
(say 5). 

Thus three consecutive leadings, one 
to the right and two to the left, have been taken from which the R. P. 
for empty pans can be calculated in the following way. Take the 
mean of the two left hand readings, i.e the first and the third readings. 
Then the moan of this mean and the right-hand reading, i.e^ the second 
reading, will give the mean R. P. for empty pans. 

For greater accuracy five consecutive readings (two to the right and 
three to the left) should be taken. The R. P. for the empty pans is 
found as above a number of times and therefrom the mean R. P. (a?) 
for the empty pans obtained. 

The reason for taking an odd number of observations is that the 
arc over which the pointer is swinging is continually growing less, due 
to friction and air resistance, and thus if only two observations, say, 
one to the left and then another to the right, or two to the left and 
two to the right, are taken, the position of rest obtained by taking the 
arithmetic meap of these two will be too far to the left. The mean 
of any odd number of observations, obtained as above, will, represent 
the true position of rest ‘more approximately. 

5 
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Next place the body to be weighed on the left hand pan and try to 
get its weight (wVby adding wts. on the right hand pan until the 
pointer oscillates within the scale. Let the mean R. P. for the loaded 
pans be y. 

Next find out^he mean R. P. (#) when the wt. w on* the right-hand 
pan is increased \>y 1 milligram or any such small wt. 

Now it is necessary to calculate out what wt. must be added to or 
subtracted from w in order to reduce the R. P. from y to x. 

Calculation 


True wt. *= w + — x (y-x) gm. when y^x. 

y x 


If y is less than x, true wt. 


0*001 

to- — 
y-z 


x fa ~ y) gm. 


Note. — As the sensibility of a balance varies with the load it 
should be calculated every time a body is weighed. The sensibility of 
a balance is defined as the change of the resting point due to a change of 
some definite weight , usually one milligram , in one of the pans . 

64. The true weight of a body can be determined with the help of 
a false balance in the following two ways : — 

(i) The Method of Substitution ( Bordas Method ). — Place the 
body to be weighed on the left-hand pan and counterpoise it by sand 
(or other convenient substance) in the right-hand pan. Then remove 
the body and replace it bv known weights to balance the sand. Since 
the body and the weights both balance the sand under exactly the same 
conditions, they must be equal. 

(ii) The Method oT Double Weighing (Gauss's Method ). — Let 
a and b be the lengths of the arms. Place a body of true weight W in 
the left-hand pan, and let its apparent weight be \V X . ' 


Then taking moments of the force on each side, TTx a= W x x b...(l) 


Now put the body in the right-hand pan, and let Tf^ 2 be its appa- 
rent weight, then W 2 x a«= IF x /;, ...(2) 

W W , 

From (1) and (2), ^ = yy ; or W' z = W x . W 2 ; or W = 

•JW X .W^ Thus, the true weight is the geometrical bean of the two 
apparent weights. ...(3) 

Ratio of the Arms.-- 

From eq. (l), ^ “ ^ r > , and from eq. (2), 


W 

W. 
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61(a), A False Balance.— By using a falsa balance with unequal 
arms a tradesman will defraud himself if he weighs oufc a substance, to 
be given to a.customer, in equal quantities by using alternately each of 
the scale pans. Let W be the true weight of the quaatity of a subs- 
tance which appears to weigh W i and W 2 successively by. the two 
scale pans of a balance of which a and b are the lengths of the arms. 
Here, the customer gets {W x + W 2 ) instead of (TF+IT) i.e . 2TF" and 

we have, W x + W 2 — 2IF= W °! + IF -2TF (from eqs. land 2). 

a 

a 2 +b Zz 2ab\ = w ja z b)* 

"ah ) ah '■ 

The right-hand side of the equation is always positive whatever 
be the values of a and b, and so {W x + W 2 ) is always greater than 2 IF. 

* ( cl ~~ b ) 2 

Thus the tradesman defrauds himself by the amount W 

at) 

Hence, at the time of purchasing a substance, a customer should 
always insist on havim / half of the substance weialied on one pan and 
the other half on the other. 

Example. — An object is placed in one scale pan and it is balanced by 20 lbs. 
The object is then put into the other scale pan , and now it takes 21 lbs. to balance it. 
When hath scale pans are empty the scales balance. What is the matter with the 
balance , and what is the true weight of the object ? (Pat. 1934) 

Two different weights arc required to balance the same object. when placed 
on different pans of the balance becau se th e arms of the balance are unequal 
(see Art. 64 (ii). The true wt. — »J 20* 21~*20’494 lbs. 

65. Cominon (or Roman) Steelyard. — This is a form of balance 

with unequal arms and is used 
for rough and quick weighing. It 
consists of a graduated beam AB 
(fig. 40) movable about a fixed 
fulcrum F very near one of its 
ends. A known sliding weight E 
slides over the 1 arm AB. The 
object \V to be weighed is sus- 
pended at a hook A and then the 
beam is made horizontal, that is, 
the body is balanced* by changing 
the position of E. It should be noted that the graduations are 



Fig. 40 
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correct with only a constant weight E, and if this weight is changed 
the graduations* must be changed correspondingly. If M be the 
weight of .the beam acting at its centre of gravity G % we have, for 
equilibrium, W X'AF** (M x GF) + (Sx BF) t 

The platforift» balances often used in Bailway stations, work on the 
principle of comjnon steelyard. 

66. Spring Balance. — Spring balance is essentially an instru- 
ment for measuring a force such as the wb. of a body. It consists of a 

spiral spring , the lower end of which is 
attached to a hook for supporting the 
body to be weighed (Fig. 41). An index 
or a pointer, attached to the spring moves 
along a metal scale which is graduated in 
grams or pounds with the help of known 
*wt 9 .' The body to be weighed is suspended 
from the hook, and the spring is elongated 
due to the force with which the body is at- 
tracted by the earth . The position of tho 
pointer on the metal scale indicates the 
weight of the body which is the measure of 
the force with which it is attracted to- 
wards the centre of the earth. So by a 
spring balance the weight of a body at a 
given place is directly obtained, and this 
weight will differ at different places°as the 
pull on the spring due to the force of attraction of the earth changes 
from place to place. So a spring balance can give a true weight of 
a body only at the particular place where it was graduated. By a 
spring balance we compare different weights while by a common balance 
we compare different masses and not weights (see note,* Art. 62). 4 

66(a). The principle of the spring balance may be learnt by 
arranging a spiral, made of thin steel wire, to move in a groove 
between two strips of wood. The upper end of the spring is clamped 
apd the lower end carries a scale pan and a pointer, or index, which 
moves over a millimetre scale attached to the side of the spring. Thi| 
forms a spring balance or a spring dynamometer (force-measurer). 

Experiment.— To graduate a dynamometer , fix it vertically and mark 
the initial position of the pointer. Add known ' weights, say 10 gins., at a 
time, and read the position of the pointer after each addition. Bepeat these 
observations until the spring is extended to nearly twice ins original length* 
Then reverse the process, i.e remove the weights, step by step, and note, the 
as before. Tabulate the readings. 



Fig. 41 — Spring balance. 
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Now plot a curve (Fig* 42) taking weights as absciss*} and index readings 
as ordinates. The graph is a straight line . • . 

Conclusion.— The result 
of the above experiment 
shows that (i) ftie amount 
of elongation is propor- 
tional to the load applied, 
and that (ii) the spring 
used is a very elastic 
material, because, on the 
removal of various loads, 
the index returns to the ori- 
ginal position. The first of 
these is known a Hooke’s 
Law, after its discoverer, 
which states that the strain 
is 'proportional to the stress , 
where strain signifies the fractional elongation produced by a load, and 
stress , the internal forces equal to the distorting force tending to bring 
the body back to its original form. Hooke’s law is applicable to any 
kind of deformation or distortion of an elastic body, such as bending, 
twisting, or stretching. 

Experiment..— Determination of an unknown wight. — Place a small 
object on the scale pan of the dynamometer, and note the position of the index, 
which is, say, 8‘2 cm. Now by means of the graph, as obtained above, 
deduce the weight of the object. The weight, as indicated by the graph 
(Fig. 42), is 59 gms. 

Note that, unlike common balance, the spring balance not only 
measures the absolute weights of bodies, but it can also measure other 
forces, after its scale has been calibrated to a given unit. 

between Mass and Weight.— The mass of a 

body is the quantity of matter in the body, and the weight of a mass 
is the force with which it is attracted by the earth. 

If g be the acceleration due to gravity at any place, the weight of 
a body of mass m grams at that place is mg dynes (p. 88). So, at 
different places the weight of the same body will be different, if the 
value of g be different, but the mass, or the quantity of matter in the 
body remains constant. The value of g differs from place to place on 
, the surface of the earth due to (a) the peculiar flattened shape of the 
earth , the polar diameter being less than the equatorial diameter (see 
Art. 61). Thus, 1 the value of p being greater at the Poles, the same 
body would Weigh greater on iSie Poles than on the Equator that is, 
the weight of the body increases from the Equator to the Poles . 
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For examples, the absolute weight of a pound mass varies from 
32' 091 poundals'at the Equator to 32' 255 pmndals at the Poles ; and 
the absolute weight of a gram mass vanes from 9 7 8' 10 dynes at the 
Equator to 983' 11 dynes at the Poles, (b) As the value of //decreases with 
the increase of Altitude [being inversely proportional t6 the square of 
the distatfce of the body from the centre of the earth [bide Art. 51 J, 
the weight of a tody decreases in higher altitudes, the mass remaining 
constant.* For instance, the weight of a 10 1b. body, at a height of 
50,000 miles, would be about as much as an ounce at the surface of the 
earth. Again, the value of g is less inside the earth (being directly 
proportional to the distance of a body from the centre of the earth 
[see Art. 51]), so the weight of a body decreases as it is taken down 
inside the earth, say at the bottom of a mine, the greater^the depth the 
less is the weight. Thus the weight is not the essential property of 
matter , as a body taken to the centre of the earth , where the value 
of g is zero, would have no weight. 

The value of g also differs owing to (c) the diurnal rotation of 
the earth about its axis , by which every body on the earth's surface 
revolves, and in order to keep the body in the circular path a certain 
fraction of the true weight of the body is lost. So the observed weight 
becomes less than its true weight. 

At any one place the mass of a body is proportional to its weight. 
This means that if a piece of iron weighs five times as much as a piece 
of lead, the mass of iron is five times that of the lead piece. Hence 
when we obtain the weights of various bodies, we also measure their 
respective masses. 

Mass is measured in grams or pounds , while weight should be 
measured in units of force, i.e. % dynes or ponndals. Ordinarily, 
however, the two words, mass and weight, are used as synonymous, 
because, as stated above, we get only a comparison of * the masses by 
weighing any body by an ordinary balance, and so the weight of a body 
at a given place may be regarded as a measure of its mass, and this 
has led to the use of units of mass as units of weight. But we must 
beware of this double meaning of “weight. 1 ’ 

67(a). detection of Variation of wt. of a body on change of 
Place.— The difference in wt. of a body at different, places cannot be 
detected by an ordinary balance, because the body as well as the ‘wfcs/ * 
that are used to weigh it are both equally affected by the variation of 
g, and so we get comparison of their masses only. It can, however, 
be detected by means of a delicate spring balance*, where the body 
depresses the pointer to different distances, as the force on it becomes 
different for different values of g. For instance, if a cubic foot of 
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water is weighed in a spring balance in London and also at the 
equator, the indicated weight would be 3-g ozs. greatet in London than 
at the equator. Similarly it would be g oz. greater in Manchester 
than in Londoj (see the table in p. 50). 

y •* 

Examples.— (1) A both/ is weighed in a spring balance at a place where 
g — 980’ 94, and the reading indicated by the balance is • 50 grams . What 
will the reading hr if the body he taken at a place where p — 98V 54 f 

Let W 1 and W 2 be the readings of the spring balance, g^ and g 2 the 
corresponding values of g ; then, if m be the mass of the body, which is 
the same everywhere, we have, 


*60*031 gms. (nearly) 


H 7 o mq» . g 2 981*54x50* 

/ W t rng x * 2 g x 1 980*94 

(2) If the weight of a man is 1 60 lbs. on a beam balance at a place 
where g— 980' 605 cm./ sec*., how much he would weigh on an accurate 
spring balance at the Equator (g=*978’l), and at the Pole (</ — 983*1) ? 

160_ 

8 980*665 * 

Equator aud at the Pole. 

If w be the weight of the man at the Equator and g the value of acceleration 

, 160 

B mg 


The mass of the man* 


due to gravity, we have, w r * 


which remain r constant both at the 


980665 


x 978*1-159*56 lb. 


160 


Similarly, if w' be the weight at the Pole, ?//' — ri— x 983*1 = 160*89 lb. 

»rUP 980665 

\$) If the mass of the earth is 8V53 times that of the moon, and the diameter 
of the earth is 3 673 times that of the moon, compare the weight of a body on the 
surface of the moon with its weight on the surface of the earth. 

We know frdtn the law of gravitation that the forces of attraction between 
two bodies are directly proportional to their masses and inversely proportional 
to the square of the distance between them. 

Let m be the mass of the body, M the mass of the moon, M' the mass of 
tfce earth, and d the distance between the moon and the body, when it is on the 
surface of the moon, i.c.,d — the radius of the moon; and d* the radius of the earth, 
i.c. distance between the body and- the earth, when the body is on the surface of 

| yy\ 

the earth. Then, we have the attraction of the moon Z ?T ° c '--- 2 ~ and the attrac- 


tion of the ear^ji E' 0 *---^—. 


M d ' 2 
M'* r/ 2 


(-• 


d 1 

d 


. £_ 

* ‘ F* 

radi us of eat th 
radius of moon diameter of moon . 


(8 '67 8) 


81'68 
diameter oj 


- 0*1655 
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This problem shows that while the mass of the body is the same 
on the moon as*otf the earth, its weight on the earth is about 6 times 
greater than that on the moon. 

68. Apparent Weight of a man in a moving lift. — When a 
man is ascending^or descending in a lift with uniform velocity, his 
weight exerted on the floor of the lift is equal and opposite to the 
reaction of the floor. When, however, the lift is rising upwards, the 
reaction is greater than the man’s weight ; and, when it is going 
downwards, the reaction is less than the man's weight. 

Let 7)1 be the mass of the man, R the thrust on the floor of the 
lift, which is equal and opposite to the reaction of the floor on the 
man, and which may be called the man's ‘‘apparent weight." 

The forces acting on the man are (a) his weight mq acting 
downwards, and (b) R acting upwards. Suppose the lift is. descending 
with an acceleration / : Remembering that, force = mass x acceleration, 

we have. mg-R^mf ; R = raff/ -f) = mq ( 1 - ) (l) 

\ g / 


Hence the man's apparent weight is less than his actual weight 
mq by fig of the latter, i.e ., the man will appear to be lighter. Similarly, 
when the lift is ascending with an upward acceleration/, 


we have, 


R - mg 



(2) 


Hence the man will appear to be heavier by fig of his actual 
weight . 


Example . — If a man, weighing Id stones stands on a lift which }ui$ an accelera- 
tion of 8 it* per sec. * , find the thrust on the floor due to his weight (l) when it is 
ascending , (ii) when it is descending. 

(i) We have, R — (see eq. ,2, Art. 68) 

■■16 stones wt. x (1 + A) =* 20 stones wt. 

. (ii) In this case, we have, lining x ( 1 • *- ).. (tee eq. 1, Art. 68) 

9 / 

*16 stones wt * (1 ~ A) * 12 atones wt. 
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69. Laws of Falling Bodies.— 

(j) In a vacuum all bodies fall tviih equal rapidity . J 

Though the acceleration due to gravity is the same for all bodies at 
the same place, It he resistance of air influences the general rate of fall. 
This will be.evident by comparing the descent of a parachute with 
that of a lump of stone. The stone will fall very quickly and the 
observed difference in the rate of fall is due to the resistance offered 
by the air, the resistance increasing with the extent of surface of the 
falling body. Different objects will, however, fall at the same rate in a 
vacuum, where the resistance to motion is nil. 

This was first stated and proved by Galileo in 1589, by dropping 
halls of different sizes nnd materials from the top of the leaning 
tower of Pisa. The balls reached the ground in practically the same 
time. Afterwards in 1650 it was proved in a conclusive manner by 
Newton in his guinea-feather experiment. 

Guinea-Feather Experiment.— A wide glass tube (fig. 43) about a 
metre long, having a cap screwed at one end and a stop-cock at the 

other is taken. A piece of paper and a small coin are 

introduced into the tube. On suddenly inverting the 
tube, it is found that the coin reaches the other end 
^earlier than the piece of paper. Next by opening the 
stop-cock to which end an air-pump may be connected, 
the air within the tube is exhausted. On now suddenly 
inverting the tube it is found that the coin and the 

paper fall together and reach the other end simulta- 

neously. 

The following simple experiment also proves the 
law. A piece of paper is laid on a metal disc of larger 
•diameter and the combination is dropped down together. 

They are found to reach the ground simultaneously. 

Here the disc overcomes the resistance due to air and 
the paper easily accompanies it. 

(#) The space traversed by a body falling freely 
from rest is proportional to the square of the time, — e.g if 
the space traversed in one second is 4 feet, in two 
seconds it will bl 16 feet (i.e. 4 x 2 s2 ), in three seconds 
36 feet (i.e. 4 x 3 2 ) ; and so on. 

So, if s and denote the space and time respectively, 

This can be mathematically represented by the equation, s^\gt ,£ 
«(see Art. 28), where g is the acceleration due to gravity. 



Fig. 48. 
Guinea-feather 
experiment. 


s « t*. 



n 


INTERMEDIATE PHYSICS 


(,?) The velocity acquired by a body f ailing from rest is proportioned 
to the time of its Jail, — e.q. t if the velocity at the end of one second 
is 8 feet per second, at the end of two seconds it is 16 (i.e* 2x8) feet 
per second, and f at the end of three seconds it is 21 fact per second 
and so on. For ‘ this reason, a stone falling from a balloon at a great 
height will acquire so much velocity that it will strike the surface of 
the earth almost like a rifle bullet. So, if v denotes the velocity and t 
the time, v°<t. This can be mathematically represented by the equation 
v*=gt (see Art. 28). 

70. Falling of Rain-drops — A small rain-drop does not fall so 
quickly as a larger one, as the rate of fall of a smaller one is retarded 
more by the air. 

The resistance of air ^ the area of cross-section through 
the centre of the drop ; i.e n x (radius) 2 . 

But the weight of the drop its volume 4^ x (radiu^) s . 

Hence, when the radius increases— i.e. for a drop of larger size — 
the weight increases more rapidly than the resistance of the air. So a 
larger drop falls more rapidly than a smaller one. 

It has been found that the maximum velocity of a very small 
rain-drop of diameter equal to mm. is about i‘3 cm. per sec., and 
that of a larger drop of diameter equal to 0 46 cm. may be about 800 
cm. per second. f 

71. Bodies projected vertically Downwards — If a body be 
projected vertically downwards with an initial velocity u , the equations 
of Art. 28 become 

v-n + gt, where v is the velocity after a tin?© t ; 

s^ut + ^qt*, „ s ,, distance fallen through ; 

v 2 = n 2 + 2gs t ,, v ,, velocity at a given height s ; 
g being the acceleration due to gravity. 

72. Bodies projected vertically Upwards.— If a body is 
projected vertically upwards with an initial velocity u, we must subs- 
titute -r/ for/, and the equations of Art. 71 now becope 

v n u-gt ; s^vt- igt* ; v 2 = u* - 2gs. 

Greatest Height attained. — At the highest point the velocity of 
the body is zero, so if x be the greatest height attained by the body, we- 
l&ve 0 “ w 2 - 2gx. 

Hence the greatest height attained = 
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Again, the time t to reach the highest point is given by 
0 = 7i- gt, whence t = ulg. 

Similarly ulg will be the time to reach the ground from the highest 
point. So theKvhole time of flight *= 2u!g. 

'^Example.— (2) A body is thrown vertically upwards with a velocity of 100 ft. 
per sec. Find (a.) how high it will go, (b) the time taken to reaAt the highest pointy 
(c) the Hme of its returning to the ground. 

At the highest point the velocity of the body will be momentarily zero, and? 
the body will then fall. 


(a) Here, u 

“ 100 ft. ; w“0 at the highest point, g = 32 ft./sec 1 

We have v 2 

=* u 2 — 2 gs. 


0= 100 2 

- 2 x 32 x s : 

moxioo 

. . sf = — = ly6 25 ft. 

b4 

(ft) Here 

u— 100 ft./scc. 

; r = 0 ; g=*3 2 ft./sec. 2 ; £“? 

Wo have. 

r = 100 — 32 /. ; 

. , 100 - 

; -• “fl*Bec. 

(c) Here 

? i* 100 ft./sec. 

; j/*B2 ft./sec. ; ; /*? 

We have 

s*=nt -\fft 9t ; 

or, 0 ^nt-^r/t 2 ; 


1 6 j see. 


or, — 0 ; whence either f — 0, which is rejected ; 

Vjfcr u-iyt ; zx. /=*“■; . . <- gj" -6, see. 

'(2) Turn stones are projected vertically upwards at the same instant. One ascends? 
ll ( i ft. higher than the other and returns to earth 2 seconds later. Find the velocities? 
of projection of the stones (q*=32 ft. per sec. per sec.) ( C . U . 1935.} 

At the highest point v will be momentarily zero, so we have, O^m/ 2 — 2gs 

2 ^ 2 

or, #= - for one stone. For the other stone, ^+112= : “^ — * 
Ml " 2 g 


112 s 


At the highest point u*=gt** 0: or, t = ulg. Total time of flight 
t 1 gs 2 t njg ; and for the other, the total time of flight (t 1 +2)** s 2u 1 /g. 

2 -? f *' -«)_«!.-« (2) 

0 16 

„ u x 2 — u 2 w n — n + u) iiy+u n*+u 

From (1), lft- l -g 4 1 ' i# - - “2X ’ 4 V 5 

tt x + u^ 224 ; and u x -u — 82 from (2) 

or i ^i*128 ft./sec. ; and «*=96 ft./sec. 
j\3) A stone is dropp'd, from a balloon at a height of a 00 feet above the ground and' 
it reaches the ground in 6 seconds . What was the velocity of the balloon with which 
it was rising ? 
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At the moment when the stone was dropped it was moving upwards with 
*the same velocity the balloon. Let this velocity be u ft. per sec. upwards. 
So, here u is .negative, and g is positive as the stone is falling downwards. 

Here u*= ? ; /j “200 ft. ; f -*6 sec. ; g*= B 2 ft. I sec 2 , t 

We have, #■* (-iM + ^ 7/ 2 : or 200* - u x 6 + |x 32 X 6 2 =^-«.e+570 ; 

. 6 m *= 576 — 200=® 870 ; or a *=62® ft. per sec, 

Su) It is required to pierce a war balloon at an elevation of .] mile by means 
■of a rifle bullet Ji*ced immediately under it. If to pierce the balloon, the bullet must 
■have a velocity of 40 ft. per sec. on reaching the balloon , with what velocity must it 
leave the, muzzle of the gun ! (Pat, 1932) 

i 1760x6 

% mile* ^ — 1620 ft. 

Here v *= 40 ft. i sec, ; 2 ; <y**32 ft./sre. 2 ; s = 1320 ft 

We have, v 2 = w 3 + 2 gs ; or 40® ■* u 2 + 2 ( — 32) x 1320 ; 

.*. u 2 - 40 3 + 64 x 1320 = S0080 ; 293*4 //. per sec. 
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73 Some Terms.— 

Simple Pendulum, — A simple pendulum is defined as a heavy 
particle suspended by a weightless, inextensible but perfectly 
flexible thread from a fixed point on a rigid support about which the 
pendulum oscillates without friction. In practice, however, a small 
metal bob suspended by a very fine thread is taken. 

Compound Pendulum — A compound pendulum may be defined 
.as a heavy body capable of oscillating to-and-fro about a fixed point, or 
a fixed line, as an axis. The metallic rod inside a clock, carrying at its 
lower end a heavy lens-sbaped mass of metal, known as the bob, 
is an example of a compound pendulum. ^ 

Second’s Pendulum. — It is a simple pendulum which takes one 
second in making half a complete oscillation. It has a period of* Jbwo 
.seconds. ^ sJW 

Length of a simple Pendulum.— It is the distance from the point 
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of suspension upto the centre of gravity of the bob i.e. t the distance? 
between A and B (fig. 44a). That 
is, it is the length of the suspen- 


sion thread 
dius r of t 


plui 

;h^ 


,s the 
bob. 


vertical ra- 
It is also 


called the effective length of the 
pendulum. 

Amplitude. — The maximum 
angular displacement < (fig. 44b) 
of the bob from its undisturbed 
position (given by the vertical 
position E) on either side as at 
C or D is called its amplitude. It 
should not exceed 4°, for the mo- 
tion to be simple harmonic. The 
amplitude gradually decreases as 
the bob swings, on account of air- 
resistance mainly. 


11 




=%) 


(a) Fig. 44 


/ 


0/ 

/ 


£u 

\ 

* 

'<r 

\ 

\ 


©60 


(b) 


Time period or simply period — It is the time taken by a pendu- 
lum to make one complete oscillation. One complete oscillation means 
two swings — one forward, another backward. (It is usually reckoned 
from the extreme position D (fig. 44, b) to the other extreme position 
0 and back to D next time or from the undisturbed position E (pendu- 
lum vertical) when, say, moving to the right, until when it passes, 
through 2? again moving in the same direction as shown by the arrows. 

One vibration means the motion from one extreme position, say 7), j 
to the other extreme position 0 i.e., it is half of an oscillation. 


Frequency — It is the number of complete oscillations made by a 
pendulum per sec. at a place. Thus if »* frequency and T= time 

period. nT — 1 or n— , . 


Phase. — The phase of a, pendulum gives its state of motion at a 
pirticular instant and determines the position of the pendulum in the 
path as well as the direction of motion at that instant. 


74 Laws of| Pendulum. — The laws of oscillation of a simple 
pendulum are given by the following relation,— 

t = 2 - 

# 0 

where $ — period of the pendulum ; ineffective length ; (^acceleration: 
due to gravity. 
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Law (1). The period of a pendulum is isochronous . That is, a 
pendulum takes eijuftl time to complete one oscillation whatever is the 
-amplitude provided the latter is small (within 4°). So time period is 
independent of the amplitude of vibration. This is known as the law 
of isochronism. f . * 

Law (2). The period of oscillation vanes directly as the square root 
of the length, ifathematically, t Jl or lit a - a constant for the place 
-of observation. Thus, if the length be increased four, times, the period 
becomes doubly. This is known as the law of length. 

[Note. — The length of a pendulum changes with temperature : so 
the period t of a pendulum changes with temperature.] 

Law (B). The period varies inversely as the square root of the ac- 
oeleration due to gravity at the place of observation. This is known as 
the law of acceleration. Mathematically £«1/ Jg or t*.g.~ a constant 
lor the same pendulum. 

Thus, if g be greater at a place, t will be less, i.e ., the pendulum 
will vibrate more rapidly. 

Law (4). The period does not depend on the mass or material of the 
bob of the pendulum , provided ' the length remains constant . This is 
Jcnoum as the law of mass. 


- Motion of a simple pendulum is simple Harmonic. — Let the bob 

-of raassSwspf a pendulum of length l Ltig. 44(c)J be displaced through an 
single 0 fr/kn its undisturbed position B to the position G. If g be the 
acceleration due to gravity at the place the wt. mg of the bob ,can be 



w zmg 

Fig. 44(c) 


resolved into the two components 
mg cosO acting along CF, the direc- 
tion of the string which is kept tant 
thereby and mg sinO acting along 
CFs at rt. angles to QF. The former 
is balanced by the tension T of the 
string while the latter tends to bring 
the hob back to its original position 
B with an acceleration g sin 0. If 0 
does not exceed 4°, sin 0 may be 
taken equal to 0 and so the accelera- 
tion of the bob g sin 0*0.0. After 
crossing the mean ’position B t when 
the bob moves towards BD in virtue 


of its inertia and acquired velocity, the acceleration acts in the, oppo- 


site direction i.e. towards B and so the motion decreaies and vanishes 


lit the other extreme position D when the direction of motion is reversed. 
Stilihe acceleration is always directed towards the mean position B. 
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Again 0* 


AreBC_ 

length A B 


displacement 


length of pendulum ( l ) 


Acceleration — q. 0. ■* - f x displacement. 

That is, acceleration is proportional to displacement since q and l are 
•constants for the pendulum at the given place. 


Thus acceleration being proportional to displacement and always 
directed to a fixed position B in the path of motion, the motion is 
-simple hormonic, according to definition of simple harmonic motion. 


Period of a simple pendulum. — Mathematically, motion of a pen- 
dulum which is simple harmonic, is given by, 

Acceleration „ , _ 

= w , where w- angular velocity 

Displacement 

(<2n \ 2 

= \ T / w ^ ere ^ 7== f'™ e period. 


i.e., T 2 = 4?* 2 x 


displacement 


acceleration 

5T=2« J 1 . 

v (I 


= in 2 x 


l 


75. Verification of the laws, 

Law (1) — (Law of Tsor.hronism ). — To verify the first law, note with 
stop-watch the total times of, say,” 20 oscillations with different 
amplitudes, keeping the length constant. It will be found that the 
period t in each case remains constant. 

7 It should be fioted that the law is true only for a small angle 
■of amplitude (about 4°); * so when noting the times of oscillations 
with different amplitudes, care should he taken not to exceed the 
maximum limit of 4°. 

Law (2) — The Law of Length — Find the vertical radius of the bob 
by means of a slide-calipers, and hence determine the length from the 
point of suspensirvi up to the centre of gravity of the bob. Observe 
the time taken for 20 complete oscillations, and thus find f, the 
..period 

Change the length of the pendulum and again find the period. In 
this way get several values of the period for the corresponding lengths. 
It will be found that t 00 sjl , or the value I I 2 will be constant. The 



INTERMEDIATE PHYSICS 


So 


variation batween t 3 and l can be represented by a straight line 
(Fig. 45). 

Law (3)— (The Law of Acceleration^.— This law can be verified by 
taking a pendulum at different places having different falues of g. It 
will be seen that at a place where g is greater, the vibrations will be 
quicker. t 2 .g will be found constant at the different places for the 
same length of the pendulum. 

Law (4 )— (The Law of Mass). — Keeping the length of the pendu- 
lum the same in every case, if the bob be replaced by another of 
different size of a different material, it will be found that t will remain 
unaltered. 


By performing this experiment with bobs of different substances 
(such as wood, iron, brass, etc.) it can be shown that the acceleration 
due to gravity at the same place is the same for all bodies. 


Graph.— Draw a graph with l 
F-axis). The graph in Fig. 45, 



" Fig. 45. 

pendulum changes at different 


(on the X-axis) and t 2 (on the 
which is a straight line , represents 
the relation between l and t 2 . 
The relation between l and t 
will be an arm of a parabola _ 
From any of these graph a 
the length of the pendu- 
lum corresponding to a given 
time of oscillation can be deter- 
mined, but it is better to take 
the help of l and t 2 graph 
(straight line) for this purpose. 

76. Second’s Pendulum. — 

The period of a second’s pendu- 
lum is 2 seconds. Hence, from 
the formula for the period of 
oscillation, we have, 

i=V ~ ; or 

So the length of the second’s 
having different values of g . 


Taking the mean value of g to be 981 cm. per sec. per see., the 
length of the second's pendulum becomes [from eq. (^)] 


981 98l_ 
~9‘87 


99‘39 eras. 
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Taking the value of g to be 32*2 ft. per see. per see«, 

Q0*0 QQ’Q 

“g”gy“3'26 ft.* 3919 inches. 


Graph . — Td determine the length of the Second's* pendulum from 
the graph, draw the l-t* graph and find the length* corresponding to 
t 2ssa & (Pig. 45). • 

77. The Value of ‘g’ by a Pendulum. — By carefully measuring 
the length and the corresponding period of a simple pendulum, the 
value of g at any place can be determined from the formula, 

T' , 4 nH 


t=2n 


V 


whence g~- 


g ■ ~ t 2 

Thus when the value of lit 2 at a place is (say) 24*84, g is given by, 
g - 4* 2 x l/t 2 - 4 x 9*87 x 24*84 - 980*68 cms./sec 2 . 


Loss or Gain of time by a clock on change of place. — The value 

of g varies tvith the latitude of a place (Art. 50). It is minimum at 
the Equator and increases gradually towards a Pole. But as the 
time-period t of a simple pendulum varies inversely as the square root 
of 0 , the t of a pendulum will increase as it is taken from the Equator 
to a Pole. So a pendulum clock will gradually gain time, i.e. will 
go fast, when taken from the Equator to a Pole. 

Again, as the value of g diminishes with the distance above, 
and also below, the surface of the earth, the time-period t of a 
pendulum clock will increase, and so the clock will lose time, i.e, will 
go sloiuer when taken to the top of a mountain or to the bottom of a 
mine. 


78. Disadvantages of a Simple Pendulum. — (i) In obtaining the 
formula for the^simple pendulum, the thread was assumed to be weight- 
less and all the mass of the bob was assumed to be concentrated at its 
centre ; but, in practice, neither of these conditions is strictly true. 

(it) The formula for the simple pendulum is true only for very 
small amplitudes, and corrections should be made for large amplitudes. 

(in) Corrections should also be applied for the effect of Resistance 
to motion, and the buoyancy of the air, which raises the centre of 
gravity of the pendulum. 

(iv) Errors* are also introduced due to the slackening of the thread 
when approaching the limit of swing, and also due to the friction at the 
point of suspension which may interfere with the free movement of the 
pendulum. * * 

6 
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J Examples. — (I) Find the length of a second's vevdulum at a place where g~981. 

r (C. U. 1919, ’19.) 

For a simple pendulum, we have, t“2rjllg. 

22 / T 

For a second’s pendulum, t- 2 secs ; 2 * 2 x ^ . 


Hence 


l ~ 00 - -- x 981 = 99*39 eras, nearly. 


(£) Two pendulums of lengths 1 metre and TJ metre respectively start swinging 
together with the same amplitude . Fwd the number of swings that will he executed' by 
the longer pendiTlum befoie they are again swinging together (q = iJ?S ems . per sec*) 

(0. U. 1909) 

Let /j and t% l>c; the periods of oscillation of the pendulums of lengths 1 metre 
and 1*1 metre respect i \ ely. 1 metre = 100 ems.. and 11 metre - 110 ems. 

Then we have, 


, 0 A / 1 oo A io 


Suppose the pendulum of l’l metre length makes n 1 swings, and the other 
makes Wj + w a) swings before they again swing together, 

then, “■ (»h + w*Vi ; or w t (t 2 - t x ) = w 2 fi (1) 

2 ^ 

But (/* - / x ) = ^ ( v'llO - JlOO) 


,7110-10 


10 (^/ 110 + 10 ' 


m ^110+ 10)^52 «=20*5??2 (nearly)— -- v 2 (nearly). * 

z 

To get a whole number, the least value for n 2 is 2, and, therefore, w, —41 
early. 

(3) Supposing a pendulum to be so constructed that it beats seconds at a place where 
y~9&0, how would its length have to be changed so that it may beat seconds at a place 
where g m 340 ? 

The period of a Second's pendulum is 2 seconds. 


m 

We have, 

t- htcfj — . 

Y 9 

Hence 

2-2* a/— t-, 

** 980 

Again, 

’“Vi' 

^980 

- /It.. 

V $40 ’ 


l lwm 340 b 

. , 17 , 

or, 

l “ 980 J 

•' ll ~49 L 
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Hence the length has to be shortened by ££ of its original length. 

{4) A pendulum which beats seconds at a place where g — 32'2 is taken to 
a place where = 3?' 197. How many seconds does it lose or gain in a day ? 


Let t x be the Origin il period, and t 2 the new period of tjie pendulum. In 
this case t x is # equal to 2 secs., but this fact is not required* 


Wa have, 




32 197 ‘ 


„ f L ./32 197 / 322 -0008 ./, 0 003 

h™« ‘ - V m- \/- m V i- 


Because period 


we have t 2 >t x , and so the pendulum will lose. 
slif 


Let n = no. of secs. lost per clay. The number of secs, in a day is 
24 x 60 x ($0, or 86400. (86400- 7 i)f 2 = 8640()x t x ; 

or (86400-«) “ 86400 x* 1 - - 86400 x\/ 1 “ 8640o( 1 - 

62 2 \ 32 2 / 

= 86400 f 1-J X ^approx. = 86400- 4 ; n = 4sec. 


Hence the pendulum loses 4 secs, per day. 

(51 .4 pendulum whieh beats second* at Vie Equator gains Jive minutes per day at 

the Poles. Compare the vtlues of q at the two pi ices 


Let g x and f x denote the value of g and period respectively at the Equator, 
and c / 2 arid t 2 those at the Poles. 

Because the pendulum beats seconds at the Equator, ^ = 2 seconds, 

* 7 7 

We have, f, a = 4ir a — ; or, 4-4 tt 2 * — ; or, < 7 i-ir a / (I) 

9 1 9 1 

Now, at the Po|p, the pendulum gains 6 minutes per day, that is (5 x60) 

seconds in (24 x 60 x 60) secs. . It gains - 3 sec. per sec. 

24 X ol) X oU 


1 2 

i.e. it gains .r^rrsec. in one vibration ; or, - - -- sec. in the complete oscillation. 

288 2Ho 


Because it gains r- sec. in one oscillation, its period t* 
288 


.( 2- 2 V 

\ 288/ 


574 

288 Be ° 8 ’ 


• (-Y 

\288/ 


4w* - 


92 


or, ff 3 — 4 »®Jx 


288 2 

674* 


.( 2 ) 


From (1) and 6 ) - 1 - 




IT®/ 


9 2 


4r 2 l X 


288 ^ 

574* 


4 *®Zx 


288* 

4X287* 


287* 148 

288® " 144 *PP roJt 
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(6) A pendulum of length l loses 5 secs , in a day. By how much .must it be 
shortened to keep corfect time ? (C. U. 1932) 

There are 86400 seconds in a day. A Second’s pendulum, which loses 5 secs, 
a day, beats (86400^- 6) or 86395 times in one day, i.e . in 86400 seconds. 

Time of one vibration t = (and not 1 sec.) 

< 86395 


We have, 


, t\/~ 



86400 

86895' 


l _ /86400\* 
g~ \ 86395 / 


( 1 ) 


In order ttf keep correct time, let the length of the pendulum be shortened 
by x cm. In this case, it becomes a true Second’s pendulum and its time of 
one vibration becomes 1 second. 


Then we have. 




l — x 


•i; 


Z — X 




.( 2 ) 


FremOl •"<! (21. **7 - (IS* )'*!- ( 1+ SSj)' *»• 


-( 




86395 


...)- 


1 from Binomiartheorem. 


10 

86395 


(neglecting other terms) 



_10 

86395 


981 X 10 
9*87 X 86395 


= 0*0115 cm. 


Questions 


Arts. 50 & 51. 

1. A body is Weighed at the surface of the earth, at the sea-level and at 

the top of a mountain. State, in general terms, how the position will affect 
the weight and mass of a body. Give reasons for your ^answer as far as 
possible. (C. U. 1920 ; of. Pat. 1932) 

2. State where a body weighs the more — at the Poles or at the Equator. 
Give reasons. How do you prove this difference in weight experimentally ? 

(See also Art. 66) (C. U. 1931 ; ’40) 

8. What is meant by “acceleration of gravity” *? How do you prove that 
it varies frptp place to place on the earth’s surface ? How docs it vary ? 

% (C. U. 1938) 

4. Describe a method of measuring t g\ How does it vary from place to 
place ? (All. 1930). 

[See also simple pendulum, Art, 77]. 

Art. 54. 

6 (a). Explain what is meant by Friction and define the terms ‘coefficient 
of friction’ and ‘angle of friction’. 
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Show that once a body is just ready to slide down an inclined plane, the 
tangent of the angle of inclination of the plane is equaJ»to # the coefficient of 
friction. (Pat. 1927) 

5 (b). State and explain the laws of friction. 

6. State wl?at do you mean by ‘Limiting Friction', aifd the ‘angle of fric- 
tion*. • (Dac. 1928) 

7. What are levers ? Give examples of different classes of levers. 

(Pat. 1921) 

Art. 55. 

8. (a) Define ‘machine’ and ‘mechanical advantage’. (Pat. 1947) 

(b) Justify the statement : ‘what is gained in power is lost in speed’ by 
considering two important machines. (Pat. 1947) 

Arts. 62. 62(a) & 62(b). 

9. Describe with a sketch the balance you have used in your laboratory. 

What are the requisites of a good balance ? (C. U. 1922, ’41 ; Pat. 1928) 

10. Whg,t are the requisites of a good balance ? You are given an in- 
accurate balance ; explain how it can be used to obtain accurate results. 

The only fault in a balance being the inequality in weights of the scale 
pans, what is the real weight of a body, which balances 10 lbs. when placed in 
one scale pan and 12 lbs. when placed in the other ? (Dac. 1938) 

\_Ans . 11 lbs.] 

11. What are the requisites of a good balance ? A balance with un- 
equal arms is used for weighing. The apparent weights of the same body 
when placed in the two pans are 158*0 and 158*25 gms. respectively. Find 
the ratio of the balance arms. (Dac. 1934 ; c/. Pat. 1928 ; ’44 ; c/. All. 1946) 
Arts. 62(b) & 64. 

12. (a) How would you determine whether the arms of a balance are of 
equal length, and how would you eliminate error due to such an irregularity ? 

# ' (Pat. 1928) 

(b) State and discuss the requisites of a good balance. (All. 1946) 

18. Explain with a neat sketch the principle and construction of a 
physical balance. What is the method of double weighing adopted in the case 
of an inaccurate balance ? (C. U. 1930 ; All. 1946) 

Art. 66. 

14. Describe and explain the action of a spring balance. 

“In a commofc balance we compare masses of two bodies while from a 
spring balance we can get the true weight of a body”. Explain. 

(0. U. 1927, ’40, ’47 ; Dac. 1929) 

Art. 67. j 

15. Distinguish between mass and weight. How are the mass and 
weight of a body affected by variations of latitude ? Is weight an essential 
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property of matter ? Explain why a very delicate spring balance would show 
slight difference .in the weight of a body at different places on the earth, 
though a common balance would give no indications of any difference. 

(Pat. 1920, ’82 ; cf. C. U. 1920) 

16. Define weight and discuss as fully as you can the factors on which it 

depends. Describe experiments to illustrate your answer. (Pat. 1981) 

17. Describe experiments by which it can be shown that the mass of a 
body is proportional to its weight and explain carefully the reasoning by 
which this conclusion is drawn from the results of the experiments. 

What is mSant by the statement that weight is not the essential property 
of matter ? (Pat. 1932) 

Art. 68. 

v*8. A man weighing 10 stone is sitting in a lift which is moving vertically 
with an acceleration of 8 ft. per sec. Prove that the pressure on the base of 
the lift is greater when it is asoending than when it is descending and compare 
the pressures. (Pat. 1931) 



Art. 69. 

19. State the laws of falling bodies, and illustrate them by suitable exam- 
ples. Describe and explain the celebrated guinea and feather experiment. 

(0. U. 1926, ’37, 39, ’41, ’46) 
19(a). Show that for a falling body the distance it falls down during a 
given number of Bees, is equal to the distance travelled during the first second 
multiplied by the sq. of the number of secs. (C. U. ’46) 

y/' 20. A body of mass 50 grns. is allowed to fall freely under the action of 
gravity. What is the force acting upon it ? Calculate the momentum and 
the kinetic energy it possesses after 5 seconds. (r/^OBO cm. per sec“.) 

(C. U. 1937) 

[ Ann . : 49 x 10 3 dynes ; 245 x 10 s F. P. S. units ; 60025 x 10 4 ergs.] 

Arts. 73 & 74. 

21. (a) What is the simple pendulum ? 

(b) How is the period of swing of a pendulum related to the wt. of the 

bob, its length, and the amplitude of the swing ? Hence state the laws of 
oscillation of a simple pendulum and state how would you verify them ex- 
perimentally. ( 

What is meant by effective length ? 

(C. U. 1913, ’15, ’17, 19, ’21, ’24, ’82, ’36, ’40, ’47 ; Pat. ’46) 

(c) Find the length of a Second’s pendulum at a place where ^“981. 
What is the exact meaning of the statement ‘,^**981’ ? 

[Ans. : 99*39 cms. nearly]. (C. U. 1912, ’17, ’19, ’36 ; c/Dac. 1931) 
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(d) Explain why a pendulum should oscillate if the bob is drawn aside 
and let go. • . (Pat. 1946) 

Art. 76. 

22. How \All you proceed to determine the *g' of*a place with a pen- 
dulum ? Give the practical directions necessary and state reasons. 

What is the effect of the height above, or the depth below, the surface of 
the earth, on the periodic time of a pendulum ? 

(For the second part see Art. 51. As g decreases the periodic time of 
a pendulum increases and hence a clock will go slower). 

Art. 77. 


23. A pendulum which beats seconds at a certain place when V is 981 

cm./sec 2 is taken elsewhere when V 978 3 cm./sec 2 . Calculate the number 
of seconds it loses or gains in a day ? (Pat. 1939) 

[A ns. : 1 minute 58*89 second.] (See ex. (4) p. 83). 

24. Wilf a pendulum clock gain or lose when taken to the top of a 

mountain ? (C. U. 1917, ’191 

25. When a ball suspended by a string is made into a ‘Second’s pendulum’ 

does the actual length of its string oqual the length of the equivalent simple 
pendulum ? If not why ? (C. U. 1912) 

[tifints.— As the ball has a certain dimension, the actual length of the 
string will not be equal to the length of the equivalent simple pendulum. The 
distant*) between the point of suspension and the centre of gravity of the ball 
will be the length of the equivalent simple pendulum]. 

26. Explain how you would deduce the value of g with a simple 
pendulum. 

A clock wh^)h keeps correct time when its pendulum beats seconds was 
'found to be losing 4 minutes a day. On altering the length of the pendulum, 
it gained 2j minutes a day. Uy how much was the length altered, if the length 
of the Second’s pendulum is 99*177 cm. ? 

[Ans. : 8*97 nnn.l 



CHAPTER VI 
Work, Energy, Power 

79. Work. — Work is said to be done by a force when the point of 
application of it moves in the direction in which the force acts ; and if 
the point * of application moves in a direction opposite to that of the 
force , work is said to be done against the force. 

When we raise a body from the ground we do work against its 
weight, which is a force acting downwards. If the body falls to the 
ground, it moves in the direction of the force, so its weight does work. 

Work - force x distance through which the point of application 
moves in the direction of the force. 

* It should be noted that no work is done by or against a force at 
right angles to its own direction. 

80. Units of Works. — Unit work is done when unit force moves its 
point of application , in its own direction, through unit distance . As 
the unit of force is measured in the two systems, the absolute and v 
gravitational , so unit work may also be measured in the above two. 
systems. 

(a) The absolute unit of work in the C. G. S. system is one Erg : 
it is the work done when a force of one dyne acts through a distance of 
one centimetre. 

The absolute unit of work in the F. P. S. system is the Foot- 
poandal : it is the work done when a force of one poundal acts through 
a distance of one foot. 

(b) The gravitational unit of work in the C. G. S. Bystem is the 
Gram-centimetre : it is the work done in lifting a rilass of one gram ' 
through a vertical distance of one centimetre . 

(For practical purposes the unit chosen by the engineers is the 
Kilogram-metre ). 

The gravitational unit of work in the F. P. S. system is the Foot- ' 
pound (ft.-lb.) : it is the work done in raising a mass of one pound 
through a vertical distance of one foot. t 

Since the weight of a gram is nearly 981 dynes, 1 gram-centi- 
metre “981 ergs. 

1 erg«*l dyne-cm, ; 1 foot-poundal « 421,390 ergs. > 

Note. The erg being very small, three additional units of work 
a |g^ energy) are used by electrical engineers for practical purposes, viz . — 
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(i) The Joule “10 7 ergs. 

(ii) The Watt-hour *= 3,600 joules = (3,600 x 10 7 ) eVgB. 

i.e. one joule per second for one hour. • 

(iii) The Ki&watt-hour = 3,600,000 joules** (1000 x»3600 * 10 7 ) ergs. 
i.e. 1000 joules per second for one hour* 36 x 10 la ergs. 

This is the legal supply unit fixed by the Board of Trade and is 
called the Board of Trade (B O. T.) unit. 


81. Conversion of Foot-Poundals into Ergs. — 

1 poundal* of 1 lb. * - x 453'6 'l grams 

oZ Z \o2 Z / 


.( 1 

\B2*2 


x 453*6X981 


) dynes ; 


and 1 foot “30*48 cms. 


x-r v e , , 1 30*48 x 453*6X981 

Hence, 1 foot poundal ** — ergs" (4 212 x 10 fi ) ergs. 

oZ Z 


82. Relation between the two units of work.— Since the gravi 
tational unit of force is g times the absolute unit of force, 
gravitational unit of work = g x absolute unit of work. 

Since the weight of a pound is 32*2 poundals, 

1 foot-pound = 32*2 foot-poundala = 32'2x 30 48* 13,125 
= 1*356 x 10 7 ergs - 1*356 joules, 


(siqpe, 1 foot = 30*48 cms., and 1 poundal = 13,825 dynes). 

83. Power.-- -The power of an agent, say a dynamo or an engine, 
is the rate at which it is doing work. 

When we consider the time taken by an agent to perform any 
work, we consider what is called the power of the agent; The power 

Total work done 


used in any operation is the ratio of 


Time occupied 


84. Units of Power. — (a) The C. G. S. absolute unit of power 
is one erg per second. 

This being too small for practical purposes, two additional units 
are employed in electrical engineering, viz . — 

(i) The Wat^ = l joule per sec. “lO 7 ergs per sec. 

, (ii) The Kilowatt = 1,000 watts. 

(b) The F. P. S. absolute unit of power is one foot-poundal per 
second. ' 

The Gravitational unit of power is one foot-pound per second. 
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Horsepower. — It is the British practical unit of power and is- 
used in Mechanical Engineering very largely. 

One Horse-power (H. P.) = 33,000 ft.-lbs./min. = 550 ft.-lbs./sec. 

In order to fifcd out the working capacity of a horse/ James Watt* 
the inventor of the Steam Engine carried out an experiment in which 
a weight of 150 K)s. was lifted upwards from a coal pit by a horse 
through a distance of 220 ft. in one minute. Thus the work done was 
(150x220) “38,000 ft.-lbs. in 1 minute “550 ft. -lbs. in 1 second. 

So James Watt adopted this as a unit of power, which he termed 
one Horse-Power (H. P.) 

85. Conversion of Horse-Power into Watts : — 

Since 1 foot pound “(1*356 x 10 7 ) ergs, 550 ft.-lbs. = (746 x 10 7 ) ergs. 

Hence 1 H. P. = 550 ft.-lbs. per sec. = 746 x 10 7 ergs per sec. 

“746 watts ; ( v 1 watt=10 7 ergs per sec.) 

and 1 Kilowatt = 1‘34 H. P. 

/4o 

86. Conversion of Kilowatt-hour into Foot-Pounds — 

Since 1 Kilowatt = 1*34 H. P. = (1*34 x 550) ft. lbs. per sec. 

and Work = Power x Time in seconds, 

we have, 1 Kilowalt-hour = (l 34 x 550 ) x (60 x 60) ft.-lbs. 

= 2,653,200 foot-pounds 

[Remember. — The amount of work done by an average horse is only 
i H.P. The average amount of work done by an active man is v H.P. 
The power of motor car engines vary from 6 to 30 H. P., that of a 
jeep from 20 to 80 H. P. ; those of gas-engines from \ tp 270, while the 
power of a large battle cruiser may reach upto about 120,000 H. P.J 

87. Distinction between Work and Power. — Remember that 
power involves a time-unit and is measured by the ratio of the work 
done to the time occupied in doing the work ; e.g. 

1 H. P. “ 550 ft.-lbs. per sec. : 1 watt = 10 7 ergs per sec., etc. Thus 
Work = Power x Time. 

Hence ‘watt-hour’ or ‘kilowatt-hour’ which are products of ‘power" 
and ‘time intervals* are units of work. 

Exanipl ea - — U) -4 man whose weight is 10 stone runs up a flight of stairs, carrying - 
a load of lO lbs. to a height of U0 ft. in W seconds . Find the uiqrk don# in If, I-V 
during this interval . v 


10 stone • 14x10= 140 lbs. 
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Total work done in 10 secs.- (140+ 10) X 20- 8000 it. lbs. 

.-. The work done in 1 sec. - 300 ft.-lb. So work done =>~ - 0‘545 H. P. 

10 550 

[2) A man weighing 140 lbs. takes his seat in a lift which weighs 2 tons. He 
is taken to the 3rd floor, which is at a height of 75 ft from the* ground floor , in 2 
minutes. Calculate the work done and the power required in this process. 

1 ton — 2240 lbs. * (p a t. 1929)' 


The total weight of the man and the lift- 140 + 2240 x 2-4620 lbs. 

The work done in raising 4620 lbs. through 75 ft. 

« force x distance — 4620 x 75 — 346,500 ft.-lbs. 

The unit of powier in the F.P.8. system is one horse-power, which is 550 ft. 
.-lbs. per second. .’. Power— rate of doing work, 


346500 
2 x 00 


ft.-lbs. per second 


346500 

2x60x550 


5*25 H. P. 


88. Energy. — A body is said to possess energy when by reason of 
its # position or condition it can do work ; hence the capacity of a body 
for doing work is known as its energy. 

Wind has got energy since work is done by it when it drives a boat. 

The falling water at Niagra does work in driving the dynamos 
which generate electricity. Hence that elevated water has got energy. 

The work a body can do is a measure of its energy. So the units 
in which energy is measured are identical with those of work. There- 
fore, erg, fool-pound, joule, etc., are also units of energy. 

89. Forms of Energy. — Principally there are two forms of energy, 
potential and kinetic . 

Potential Energy. — A body may have energy due to iffc position, 
as when a body fs raised up above the ground. This form of energy 
which is obtained in virtue of its position is known as potential energy . 

A lifted weight can do work in falling down, under the force of 
gravity, to its original position. Hence it possesses potential energy 
in virtue of its higher position. The coiled spring of a clock has 
potential energy, for it is capable of doing work by way of unwinding. A 
piece of coal possesses potential energy because duo to its combination 
with oxygen, headlight, and mechanical work are obtained therefrom. 
A body charged with electricity possesses potential energy, for a charged 
*body can do work in attracting other bodies to it, or sparks may be 
obtained from it, ^n which case the potential energy of the body is 
converted partly mto heat, partly into light, and a part of it gives rise- 
to sound ; which are also known as different forms of energy. 
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Potential energy of a raised body.— 

If 7ft ** mass ot a body ; g ma acceleration due to gravity ; ft** vertical 
.height through which the body is raised ; 

The potential energy* 8 work done in raising the bod (j^mgh. 

If m be.taken in pounds and h in feet, then the potential energy, 

P. E. «* mgh ft.-poundals, [tohere g = 82' 2) = mh ft. -pounds. 

If m be taken in’grams and h in centimetres, 

P. E. • mgh ergs, [where g = 981) = mh gm.-cm. 

Kinetic Energy. — A body may have energy due to its motion, which 
is known as kinetic energy. The bullet fired from a rifle, or the 
rotating fly wheel of an engine has got kinetic energy. 

If ?ft “mass of a body, v = velocity with which the body is moving 
at any moment after the lapse of t secs., 

Kinetic energy of the body = force x distance moved through °= (mass 
x acceleration) x (average vel. x time) 

-(-x j). (•;% . ) - 

If ?ft be taken in pounds and v in feet per second, the kinetic 
•energy, K. E.“imi ; 2 (lb. x ft. 2 sec 2 = ft. x lb. x ft. /sec. 2 )- ft.-poundals 

^\mv 2 lg ft.-pounds, [where q-82'2). 

If 7ft be taken in grams and v in cm. per second, 

K. E.-Ittw 2 ergs (gm. x C m. 2 /sec. 2 = cm. xg m . xcm./sec. 2 ' 

* cm. x dynes) = ergs - \mv 2 !g gm.-cm., [where g = 981). 

89(a). Potential Energy and State of Equilibrium. — The state 
of stable equilibrium of a body corresponds to a minimum of potential 
. energy ; because the centre of gravity of a body, when Jn stable equili- 
brium, occupies the lowest possible position inside the body, and any 
displacement tends to raise the position of the centre of gravity and 
thus increases the potential energy of the body. When, however, 
the potential energy of the body is maximum any displacement will 
give rise to a couple tending to move the body further, and thus, in 
this position, the equilibrium of the body is unstable. Again, when the 
body is in the state of neutral equilibrium , its potential energy will 
remain constant for any small displacement. 

90. Transformation and Conservation of Energy.— If a body 
is at some height above the ground, it ha9 got sqme gravitational 
potential energy. If it is now allowed to fall freely through a distance, 
it loses an amount of potential energy equivalent to the work done by 
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the weight of thp body, but gains an equal Amount of kinetic energy. 
Just before the body strikes the ground, it has only .kinetic energy 
equal to tbe amount of potential energy in the beginning, that is, the 
potential energy, is wholly transformed into kinetic energy, which again 
gives rise to hem and sound energies when it strikes t |>e ground. Again 
when a clock* is wound up, its spring possesses potential energy exactly 
equal to the amount of work done in winding it up? This potential 
energy, which is stored up in the spring, is converted into kinetic 
energy continually as the spring becomes unwound in keeping the 
clock going. In the same way the potential energy of the compressed 
spring in a spring-gun is converted into the kinetic energy of the bullet. 
These are several oases of transformation of energy, according to 
which a body may lose energy in one form, but will gain an equal 
amount in another form. Consider also the various transformations 
of energy in the case of an ordinary steam engine connected to a 
dynamo for the generation of electricity. When the coal bums we 
get heat energy. The heat does work in changing water to steam, 
which then expands. The expanded steam exerts pressure and causes 
the piston to move, and thus runs the engine. Thus the beat 
energy is transformed into mechanical energy , and when the engine' 
drives a dynamo, which generates electricity, the mechanical energy 
is converted into electrical energy. This energy can be transmitted by 
wires and made to do useful works, such as driving tram cars, where 
electrical energy is reconverted into mechanical enerqy ; lighting 
lamps in houses, where electrical energy is reconverted into light 
energy *; and in this way various other transformations may also take 
place. 

Conservation of Energy.— A pendulum bob in motion affords an 
example of the transformation as well as conservation of energy. 
When the bob is at either of its extreme positions, it has got only 
gravitational potential energy, and, as it falls, it loses potential energy 
and gains an equal amount of kinetic energy until it reaches the 
lowest position when all the energy is transformed into kinetic. So, 
at any point of the swing, the total amount of energy (kinetic + poten- 
tial) remains constant. The opposite process is repeated, until it 
reaches the other extreme position, when all the kinetic energy is 
transformed into potential again. 

Total energy of a falling body is constant.— The potential energy 
of a body of mass m at a height h above the ground ** mgh. 

‘ When it falls through a distance x, its potential energy at the 
titoe“m{j(ft-a& 

Its kinetic energy- at that instant 2 (where v is the velocity 
acquired during this interval)** im x 2 gx ( V t? 9 • 2gx) ■■ mgx . 
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At that instant, potential energy + kinetic energy 

** mg{h -x) + m(jx = mgh * potential energy in the beginning. 

- Hence, neglecting the effects of air resistance, it is seen that the 
total amount of, energy (kinetic + potential) of the bony remains cons- 
tant as it falls. When the body strikes the ground, it is brought to 
rest and loses itS kinetic energy. Then the potential energy has also 
•disappeared. The energy, however, has not been destroyed. It has 
been convened mainly into heat, the body and the ground being 
warmer as the result of the impact. 

Principle of Conservation of Energy.— From the illustrations 
given above it is clear that the total energy of a body always remains 
^constant. It can only change its form. This is known as the principle 
• of conservation of energy, which states — 

The total amount of energy in the universe remains ahvays constant . 
It can never he created nor destroyed , but can he transformed from one 
form to another , or to a number of other forms. 

90(a). Perpetual Motion. — The above law of nature indicates the 
impossibity of the existence of a “perpetual motion’ machine — i.e. a 
machine which, when once set • in motion, will continue its motion 
perpetually without the supply of an equivalent amount of energy 
from outside. Evan when no useful work is done by the machine the 
energy supplied in the beginning will be gradually used up in over- 
coming frictional and other resistances, and the machine will ulti- 
mately come to a stop. 

91. The velocity of the bob of a Pendulum at its lowest 
point. — W^hen the bob of the pendulum, of length l cm., is allowed to 
go from its extreme position C, it moves in 
an arc of a circle CBL ), B being the lowest 
position (Fig. 46). From C draw a perpen- 
dicular CK on AB. At C the bob of the 
pendulum has potential energy m.g.BK , 

which represents the work done in raising 
the bob from B to C. When the bob is 
released from the position C, it gradually 
loses the potential energy apd gains kinetic 
energy. At the lowest point B, it loses 
all its potential energy m.g.BK \ and the kine- 
^ tic energy imv 2 , which it gains, is equal 
Fig. 46 to ^is. *■ 

m.g.BK** imv* t where v is the velocity of the bob at B. 
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or g(AB- AK)“iv i ; or g[l - 1 cos 0) - iv® ; 

or v* - 20 Z (1 - cos 6) ; v= V 2^(1 -cos 9); 

or « = V ^1x2 sin® | - 2 7jiFx sin | . 

Example . — The heavy bob of a simple pendulum is drawn aside so that the string 
makes an an qle of 60 * with the horizontal and then let go. Find the velocity with 
which the bob passes through its position of rest . (Pat. 1940) 

(Draw the diagram and proceed as explained above). 

Here 0 - (90 - 60°) = 30° ; v = \/ 2 gl( 1 - or v- 70 268 x gl. 

92 Other Forms of Energy. — From the foregoing statements 
it is evident that though rhe energy which a bolv possesses may be 
put into either of the two main forms, kinetic and potential, there are 
other forms also in which energy may appear ; such as heat, light, 
sound, electric current, magnet isabion, and chemical action. 

The Sun is the ultimate source of all energy.— The sun is gener- 
ally considered to he the ultimate source of different forms of energy. 
We get considerable amount of energy from solar radiation in the form 
of beat, light, etc. For example, the energy of the steam engine 
is derived from coal. Coal again is nothing hut wood subjected to 
great pressure of the earth for thousands of years. The energy in 
the wood is due to the sun’s action on trees and plants. When the 
coal burns, the stored-up potent ial chemical energy due to solar radia- 
•tion is given back as heat and light. 

93. Examples of various Cases of Transformation of 
Energy.— 

3. Muscular energy to potential energy: — the potential energy 
of a raised weight. 

2. Muscular to kinetic the kinetic energy of a thrown stone. 

3. Kinetic to potential : — the bob of a pendulum at the extreme 

positions of displacement. 

4. Potential to kinetic a body dropped from a height, when 

falleh through a certain distance. 

5. Kinetic to heat energy : — a moving wheel of an engine when 

stopped by applying brakes. 

6. Gravitational W electrical energy water turbines. 

7. Heat to light energy : — a red hot or white hot metal ball. 
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8. Light to ohemic&l energy : — the ohemioal action of light on the 

photographic plate. 

9. Heat to chemical and sound energy : — ’when a flame is applied 

to a mixture of oxygen and hydrogen, the two gases com- 
bine «and a report is heard. 

10. Heat to electrical energy '.—electric current is produced by 

beating one of the junctions of two dissimilar metals (say 
iron and copper) (See Chapter VI, Part VII). 

11. Heat to kinetic : — steam engine. 

12. Chemical to heat : — burning coal. 

18. Chemical to electrical energy : — voltaic cells, where the chemi- 
cal energy reappears in the form of electric current. 

14. Electrical to chemical : — electrolysis. 

15. Electrical to heat and light : — electric heater and glow lamp. 

16. Electrical to mechanical : — tram cars ; electric fans ; etc. 

17. Mechanical to electrical dynamo. 

18. Electrical to sound energy : — electric bells : sound is heard 

when discharge passes in frictional machines or induction 
coils. 

98(a). Different Examples of Work done. — Work is measured 
by the product of the force and the distance through which the point 
of application of the force moves. 

(а) Work done in raising a load vertically upwards. 

If w represents the work done, w**mgh, where m is the mass of the 
load and h the vertical height through which the load is raised. 

(б) Work done m taking a load up along an inclined plane. — In 
this case, tv** mg sin 0.Z, where l is the length of the inclined plane (see 
Art. 546) 8=5 mg x l sin 0 = where h is the height of the inclined 
plane. Thus the work done in taking the load up the inclined plane is 
the same as that required to raise the load m vertically through a 
height h . Hence the work done in raising a body to a height h against 
gravity ia independent of the path along which the body is taken and 
depends only on the vertical height. 

(c) Work required to generate a velocity v in a body originally 
at rest. 

. IF«P * S, where P is a force which generates an\ acoleration / in 
a body of mass m ; and S is the distance traversed by the body in 
* time t , 
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Here P — mf ; and S=*i ft*. lf“P x S t 

= ~hnv a , 

where v is the velooity acquired by the body after time t starting 
from rest. 

94. Summary of Results. — • _ 


Quantity 

Symbol 

Quantity 

Symbol 

Displacement 




or distance 

8 

Relation between 
distance & speed 

v 2 -u 2 + 2fs 

Time 

t 

Mass 

m 

Velocity 

8 

vsa _ 

Force 

P-tnf 

• 

Acceleration 

, 

~v 2 -v x 

1 t 

Momentum 

M—mv 

Distance 

s=* vt 

Kinetic energy 

K.E .-£mv s 

Relation between 
speed and time 

! 

V ■= U+ft 

Potential energy 

P.E, — mgh 
Force x dis- 

Rektion between 
distance & time 

s = ut + ift 2 

1 

Work 

tance moved. 


Units of Force, Work, and Power. 

C. G. S. SYSTEM 


Quantity 

• 

Theoretical unit 

Practical unit 

Force 

The Dyne 

The Gram Weight — 981 dynes 
(gravitational unit) 

Work 

The Erg 

(i) The Joule— 10 7 ergs 


* 

(ii) The Kilowatt-hour — 86 X 10 1# ergs 

. Power 

, Cjte erg per sec. 
(No special name) 

(iii) The Gram- centimetre— 981 ergfc 
The Watt— 1 joule per sec. — 10 7 ergs 

per sec. 
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F. P. S. SYSTEM 


Quantity 

. • 

Theoretical unit . 

Practical unit 

Force 

The* Poundal 

• 

nr 

The Pound Weight —82 poundals 
(gravitational unit) 

Work 

The Foot - 
„ poundal 

The Foot-pound — 82 foot-poundals 
(gravitational unit) 

Power 

One foot- 
pound al 
per second 
(No special name) 

The Horse-Power (H.P.) — 550 ft.-pounds 

per sec. 

I 


Examples 

A rifle, bullet of mas s Jl gms travelling nf the rate of 36,000 ctAs. per sec. is 
just able to pierce n blu h of wood Zl cms. thick . Find the average force of the bullet 
while penetrating the wood. 

Let F be the force in dynes ; then F x s — vnw 2 , 


or F' 


mv 


1 1 x ^f>nno- 2 
2 x 21 


s 432 x 10® dynes. 


*4 A train of mass 100 tons is travelling at HO miles per hour. Calculate the 
farce necessary to bring it to test (a) in a distance of 1 20 ft. (b) in 10 seconds^ 

(a) Let F be the force applied which produces a negative acceleration / 
to bring the train to rest, then 


F— — mf, (where m is the mass of the train) ; or /— — F/m. 

Fs 

We have, v M — u 2 + 2/s ; . 0 — u 2 — 2 — ; or *!Fs — \mu a . 


Here m— 100 x 2240—224,000 lbs. ; 80 miles per hour— 44 ft. per sec. 


F " 28 “ 


2x 120 


-—1,806,988*8 poundals 
— 56,466*6 lbs. wt. (taking <7 — 32) 


<W We have v — u+ft ; 


F 

or O—u 1 ; 

m 


or (Ft — mu ; 


985,600 poundals" 


■ 9 ~ I 55 - 80,800 lbs.wMYy-82); 

VfS) Wind the energy stored in a train weighing 250 tons an\’, travelling at the 
rate of 00 miles per hour. How much energy must be added to the train to increase 
Us speed to 65 miles per hour. , t . (C. U. 1926) 
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Maas— 250 tons “250 X 20 X 4 X 28 lbs. 


,r i •, „„ , 60 X 1760 x 8 .. • m i 

Velocity “ 60 miles per hour* — g flx 6 0 — per aec.“88 ft. per sec. 

The kinefcitjenergy of the train “ $ x (850 x 20 x 4 x 28) x 88* foot-poundals. 

“2,168,820,000 ft. poundals. 

, 65 x1760x8 286 ^ 

Again, 65 miles per hour™- go^x’eo — ~8 _ “• P er 8ec * 

The K. E. <jf the train, when the speed is 65 miles per hour, 

( 286\* 

~ ) — 2,544,705,000 ft. -poundals. 


4Sr 


The energy to be added — 2,644,705,000 — 2,168,320,000 
=■376,445 x 10 3 ft.-poundals. 


\ 


If clouds are l mile above the earth and rainfall sufficient to cover 1 square 
mile at sea level , 1 inch deep , how much work was done in raising the water to the 
clouds . (C. U . 1920) 

If w lbs. l>e the mass of rain water, and h ft. the height of the clouds above 
the surface of the earth, the work done in raising w lbs. of water through h ft. 


— w X ft foot-pounds. Here ft* 1760 X 3" 5280 ft. 

The volume of rain water « 1 square mile x £ in." (,5280)* X cu. ft. 


The mass of 1 cubic foot of water* 62 5 lbs. 

Mass of rain water — (5280)* x 1/24 x 02*5 ft.-pounds. 

/ . * The work done = (5280) 2 x ~ x x (5280) = (62 10) a xi x~* 

- 383,328 x 10® foot-pounds. 


Questions 

Art. 79. # 

1. Define the terms work, force and pressure. Show that if a piston is 
moved along a cylinder against a constant pressure, the work done in a stroke 
is equal to the product of the pressure into the volume swept out by the piston* 
Explain clearly the units in which the work will be given by this calculation, 

(Pat. 1921 ; 0. U. 1941) 

Hints.— Pressure * force on unit area, t 

Work done * force x distance *» (pressure X area) x distance through which 
the piston moves ^pressure x volume swept out. The work is expressed lq 
ergs, if pressure is measured in dynes per sq. cm. and volume in c.c.] 

^5. What is the work done when a weight of 500 kilograms falls through 
a height of 50 metres and is then stopped?. Assume the normal value of 
gravity. / (Dac. 1988) 

* An*. : 22,72$ x 10® ergs.] 

frosts AtvtjiAJp 
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2. (a) A man supports a mass of 10 lbs. in his hand. What is the work 
done by him wheq £a) he is stationery, (b) he moves over a distance of 20 
yds. on a level horizontal road, and (c) he moves over a distance of 20 yds. 
op an incline* of 1 in 20 ? [Neglect friction] 

Art.. 86 ft 87. . f 

8. Define power, and state the C. G. S. and the F. P. S. practical units of 
power. * (Pat. 1947) 

Water is pumped up from a well through a height of 80 feet by meanB of a 
5 horse-power motor. If the efficiency of the pump is 8|%, find in gallons, 
the quantity of wUter pumped up per minute. (1 gallon of water weighs 10 ty&.) 

(Mysore) 

[Awu: 467*5] 

4. Define the terim work, power and horse-power, and explain how £heir 
unitB are related. (Pat. 1947) 

An engine is employed to pump 6000 gallons of water per iniuute from a 
well, through an average height of 21 feet. Find the horse power of the 
engine, if 46% of the power is wasted. (M.U.) 

* Ans. : 69*42.] 

Arts. 89 & 90. 

81 'Distinguish between potential and kinetic energy with illustrations. 

(C. U. 1918, ’82, ’86, ; Pat. 1926, ’35> 

A railway train is going up-hill with a constant velocity. What is the 
source from which the energy of the train is supplied ? 

Describe ^he various transformations of energy that go on in this case. 

(See also Art. 92)'. - (C.U. 1918) 

5 7 ✓ 

[Hints. — The energy of flie tfam is derived primarily from the burning 
coal. This is utilised in running the train against friction and air resistance, 
and also in raising the train up-hill against the force of gravity and thus doing 
work. The energy of the coal is derived from the sun. So •this sun is the 
tidtihlate' source of supply of energy.] 

,Vt A solid mass of l().0 r gras, is allowed to drop from a height of 10 metres. 
Calculate, the amount of kinetic energy gained by the body, g being 980 cms. 
par pec.* (Dac. 1980)* 

[Ana. : 9J x 10® ergs.] 

7. A shot travelling at the rate of 200 metres per second is just able to 
pierce a plank 2 inches thick. What velocity is required to fierce a plank 6 
inches thick ? (Pat. 1941) 

[Ana. : 200^/8 metres* (See examples (1) and (2) p. 98)] 
t 8. Distinguish between pound, poundal, and pound-weight. 

Prove that in the case of a body falling freely under gravity, the sum of 
t he potential and kinetic energies is constant. (Bat. 1925, '86 ; C.U. *82, ’41). 
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9. A pendulum consisting of a ten-gram bob at the end of a string thirty 

centimetres long oscillates through a semi -circle ; find its velocity and 
kinetic energy when it passes its lowest point. Specify the units in which 
your answer is given. (Pat. 1985) 

[Hints. — At feie starting point the bob has got only potential energy ** mg h* 
At the lowest point the energy is only kinetic ( = J//M> a ), which iB equal to 
myh = (10 X 981 x 80) ergs. Hence find v.] • 

Ans. : Vel. “ 242*61 cm. per sec. ; K. E. * 294,800 ergs.] * 

10. A body falls under gravity and strikes tfie ground. Explain how the 
phenomenon supplies an illustration of the transformation of energy. Does 
it also illustrate the principle of conservation of energy ? 

(C.U. 1917, ’36 ; Pat. 19SI) 
Arts. 90 & 93. > 

11. Define ‘Work and Energy’ Give some examples of transformation of 

energy. (C. U. 1916, ’19, ’23 ; Pat. ’32, ’47 ; Dae. ’88) 

State also the principle of Conservation of energy. 

(C.U. 1911, ’12, ’20, ’23 ; Pat. ’41, ; cf. Dac. ’31, ’32) 

12. Explain the terms ‘Conservation and Transformation of Energy’. Illus- 

trate yonr answer by reference to an electric light circuit, an oil engine used to 
drive the dynamo. (Pat. 1932 ; C.U. ’86) 

[See Arts. 90, 92, 93.] 

18. Wliat is meant by ‘Energy’ ? Describe suitable experiments to 
illustrate the following, and point out what they ultimately demonstrate : — 
•(a) conversion of mechanical energy into electrical energy ; (b) conversion of 
electrical energy into heat energy ; (c) conversion of heat energy into lumi- 
nous efiergy. (C.U. 1920) 


CHAPTER VII 

Properties of Matter 

95. Constitution of Matter. — Every matter is composed of a very 
large number of tiny particles called molecules , separated from each 
other by minute distances which differ in the different states of matter. 
A 'molecule of any body is the smallest particle of it which can esjat 
by itself and rdtain the properties of that body. Again, a molecule is 
composed of far smaller particles called atoms . The atoms are incapable 
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of free existence but by combining with each other form molecules 
which exist freely. 0 When chemical reaction takes place between two 
substances, .what happens is that the atoms of one substanoe combine 
with the atoms of the other. Formerly the atoms were supposed to be 
indivisible and were regarded as the ultimate particles with which all 
matter is built up. Recent researches have, however, established the 
existence of particles far smaller than the atom, such as electrons , 
protons , Neutrons , etc. (see Chapter I, Part YI). 

The distances or spaces between consecutive molecules of a body 
are known as 'intermoleculer spaces , which can decrease or increase 
producing a change in volume of the body. The intermolecular spaces 
are not vacuous, but filled with a subtle imponderable fluid, called 

the ether. 

The molecules of a body are held together in their positions, firmly 
in case of a solid and less bo in a liquid, by their mutual force of attrac- 
tion known as intermolecular force of attraction while in the case of a 
gas, the intermolecular force is supposed to be negligibly small. 

The molecules of a solid execute vibration about their mean positions 
of rest which cannot be easily altered while in case of liquids, m 
addition, the mean positions of rest can be moro easily altered. In the 
case of a gas, the molecules are at random motion perpetually. The 
state of motion in all the three states increases with the increase of 
temperature. 

96. The Three States of Matter-Matter exists in the„ three 
States —solid, liquid and gas. 

Distinction between Solids, Liquids and Gases. — The molecular 
structure of matter is common to all the three states. The difference 
lies only in the closeness with which the molecules composing them 
are packed. * 

In a solid, the molecules are closely packed, and the force of 
attraction betweeen the molecules, spoken of as cohesion (Art. 97), is. 
greater, which gives it a definite shape and size 

In a liquid, the molecules are not so close together as in a solid 
and cohesion is much smaller. So it has got no definite shape . A liquid 
takes the shape of the vessel in which it is contained. 

In a gas, the molecules are far apart from each oth$r and cohesion 
is practically absent, and so the molecules spread themselves out as far 
as possible. A gas, therefore, has got no definite shape or size . More- 
over, the molecules of a gas, unlike those of solids and rliquids, are in 
fftffwtual motion in the most haphazard manner and nave no mean 
j^fjlon of rest. 
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Liquids and g&sss are classed together as fluids since they are 
both able to flow. # # 

97. Properties oT Matter.— 

Cohesion aid Adhesion — Cohesion is the force of attraction 
between molecules of the same nature ; and adhesion is the force of 
attraction that exists between molecules of different nature. Cohesive 
force keeps the molecules together in a substance and adhesion is the 
cause of sticking together of two substances ; fcfr instance, wetting 
glass by water and other liquids, gluing wood to wood, ‘tinning* 
metals with solder, etc. Cohesion holds together the particles of a 
crayon, but adhesion holds the chalk to the blackboard. 

Impenetrability. — It is the property in virtue of which two 
bodies cannot occupay the same space at the same time. If a metal 
ball is immersed in a liquid, the liquid moves away to make room for 
the body. 

Extension — It is the property in virtue of which every body 
occupies some definite space. 

Divisibility.— It is the property in virtue of which a body can be 
divided into extremely minute parts. 

Compressibility. — It is the property in virtue of which a body 
can be compressed in volume by applying external pressure. 

Elasticity. — 

• 

It is the property in virtue of which a body offers resistance to 
any change of volume or shape, and resumes its original form when 
the deforming force is removed. 

Solids resume their original form after the removal* of the force 
provided it doe# not exceed a certain limit, called the limit of elasticity. 
If the force exceeds that limit (or maximum value), the body will not 
return to its original size when deforming force is removed. The 
force in this case is said to have exceeded the limit of elasticity. 

Stress and Strain. 

Strain. — When a force or system of forces acting upon a body 
produces a relative displacement between its parts, a change in volume 
or shape or in both may take place. The body is then said to be 
under strain. The strain produced in a body is measured by the 
change expressed as a fraction of the original. It is obviously^* 
pure number, * 

Stress. — Whrfn a body is strained, internal forces of reaction are 
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automatically set up within the body in the opposite direction, due to 
which the body* tends to return to its original size or shape on 
withdrawal of the deforming forces. This restoring force is called 
the stress. It is numerically equal to the deforming f jrce, according 
to Newton's law of reaction, as long as the strain produced is within 
the elastic limit. 

c. 

The stress acting normally to any section of a body is called 
the normal stress to that section. The stress which acts parallel 
to any section of the body is called the tangential stress on that 
section. The stress is measured by the force per unit area of the 
section and when uniform, is obtained by dividing the total force by 
the total area over which it acts. 

Perfectly rigid body. — A perfectly rigid body is defined to be such 
that no relative displacement between its parts takes place whatever 
force is externally applied to it. No body is known to be perfectly rigid, 
though glass, steel etc. are nearly so. 

Perfectly elastic body. — If a body perfectly recovers its original 
volume or shape when the deforming force acting on it is withdrawn, 
it is said to be perfectly elastic. No such body is known for all values 
of stress. A body, however, behaves as perfectly elastic, when the 
deforming force does not exceed a certain limiting (maximum) value 
depending on the nature of body, called the elastic limit of the body. 

Elastic limit. — A body behaves as a perfectly elastic body only as 
long as the deforming force acting on it does not exceed a certain 
maximum value depending on the natue of the body and the nature of 
the strain. This limiting value of the stress is called the elastic limit 
of the body for the type of strain produced. 

Different Kinds of Strain. — 

(i) Longitudinal {or tensile) strain. — When a body is acted on 
by a stretching or compressive force, the increase or decrease in the 
length is referred to as the longitudinal or tensile strain. The corres- 
ponding stress is called longitudinal or tensile stress. Thus if due to 
stretching or compression, l » change in length of a body of length L, 

longitudinal (or tensile) strain- -jr. 

It is a pure number having no unit for its measurement. Only 
solids can have such strains . 

.When a body is acted on by a stretching force, $ne extension in 
the direction of the applied force is accompanied by a lateral contrao- 
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tion in all directions at right angles to the applied force. It is found 
that this lateral strain is always proportional to the direct strain i,e. 

; «=(5 = a constant, called the Poisson's Ratio, 
longitudinal strain 

whose value depends only on the nature of the material in question 
and not at all on the stress applied. Poisson s Eatio«for a stretching 
force is the same as that for a compressive force in which case there 
is lateral expansion. 

(2) . Volume (or Bulk) Strain. — In such strains there is a change 
in volume only without any change in shape. This takes place when 
a body is subjected to uniform pressure acting normally at every point • 
on the surface. The corresponding stress (force per unit area) is called 
the volume stress. If V be the original volume of the body and v , 
the change produced in the volume, 

Volume strain = — 

It is a pbre number and has no unit for its measurement. Volume 
strain, even for very large deforming forces, is small for solids and 
liquids while in case of gases even a very small force produces a very 
large strain. 

(3) Shear Strain or Shear. — When the strain produced in a. body 
is such that there is only change in shape or form of it but no change 
in volume, it is said to he a shearing strain or simply a shear . It is 
a special property of solids only because they only have a definite 
shape bf their own. 

Let A BCD (fig. 47) represent the section of a rect. block whose 
face CD is rigidly fixed. Let a force P 
act uniformly and tangentially over the face 
AB (area <) go that this face is displaced 
relatively to CD and assumes the rhombic 
form A^B^GD. The material of the, block 
suffers a change in form only without any 
change in volume. The strain produced is 
a case of shear and is measured by the angle 
ADA X ( = 0 = the angle BGB-l) which is called 
the angle of shear. Let AA t be x and AD — b , then, 

Shearing strain = 0 = tan 0 (‘ .* 0 is small). 
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Fig. 47 


x 

b 

relative displa cemen t 
distance of separation' 
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“relative displacement for planes at unit distance apart 
“ displacement gradient . 

The corresponding stress is called the shearing stress and is 
given by P/<. 

98. Qoobe's law. — This is the basic law of elasticity. It was. 
established in K578 by Robert Hooke, an Enlishman. It may be 
stated thus, 

Within the elastic limit , stress is proportional to strain. 

That is, within the elastic limit, *a constant “S, (say). 

strain 

This constant >is called the Modulus (or Co-efficient) of elasticity 
of the material of a body. As strain is a pure number, it is measured 
in the same unit as that of stress and is expressed in dynes/cm a or 
lbs. sq. inch. 


The law holds good for all cases of strain, such as tensile, volume, 
twisting, bending, etc. But for different cases of strain, the modulus, 
has a different value and is differently named. Thus, 


Youngs modulus = 


tensile stress 
tensile strain * 


„ .. , . volume stress 

Bulk modulus* 3 , - • --- 

volume strain 


Rigidity modulus 


shearing stress 
shearing strain* 


98(a). Verification of Hooke's law — Hooke s Law can be easily 
verified by a steel spring-balance. By placing different weights on 
the pan and noting the corresponding elongations a curve can be 
plotted with load and extension. The law will be verified if the curve 
is a straight line (see p. 66). It should bo noted that the elongation is- 
proportional to the load within certain limits. 

98(b). Young's modulus — In the case when an india-rubber 
cord or a wire fixed at one end is stretched in the direction of its 
length by a load attached at the other end, a change is produced both 
of volume and of shape, and the modulus of elasticity in this case is 
known as Young's modulus (F) or Go-efficient of tensile elasticity , which 
is the ratio of the longitudinal stress to longitudinal strain. 

Thus, if F be the force which acting along a length L of a wire 
of 'cross-section A stretches it by a small length Z,.tl*en ' 

the stress “force per unit &rea “ Fi A “ F/nr* , where r is the radius 
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Y ( Young’s modulus )• 


of the wire; and the longitudinal strain * elongation per unit 
length “Z/L. 

Fl*r 2 FL , 

' dynes per Bq - ° m - 

per sq. inch). 

• 

Bulk modulus. — The bulk modulus applies to the *case of 
subject to a uniform pressure distributed over the whole of its 
If Fbe the volume of the body which is diminished by an 
v when subjected to a pressure p , 

the bulk or volume strain vl F, the bulk stress —p 

v pV 
V " v 


(or lbs 


a body 
surface, 
amount 


Bulk modulus 


dynes/cm . 2 or lbs/inch. a 


98(c). Modulus of elasticity and Young’s modulus distinguished. 


According to Hooke’s law,~' rePS 

strain 


a constant, within the elastic 


limit, The general name for this constant for all cases of strain is the 
modulus (or Co-off.) of elasticity. When particularh the stress is such 
that the strain is a tensile one, the Co-officient is called the Young's 
modulus. Thus Young’s modulus is the modulus of longitudinal (or 
tensile) elasticity. 

99 Experiment— Determination of Young’s 
modulus for a Wire — Two exactly similar wires are 
fixed close together on the same support C. One A 
carrying a scale S has got a heavy load W attached 
to keep it stretched and free from kinks. The second 
’ wire ( tho experimental wire ) carries a hanger on 
which any desired wt. F may be placed. A vernier F 
mounted on the second wire can slide along the scale 
S (Fig 48). 

First calculate theoretically the weight for which 
the wire will break, i.e . the breaking weight (see 
Art. 100) of the wire. This is obtained by multiplying 
the area ol cross-section of the wire in square centi- 
metres with the breaking stress for the metal of 
which the wire is made. In practice, care must be 
taken never to add on the hanger more than half the 
breaking weight which is the maximum permissible 
* load and gives the elastic limit. 

Now place a)most half the breaking weight on the 
hanger and kee^ it there for a few miiiutes in order to Fig. 48 
allow the wire to reinain stretched, and then remove the greater part* 
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.of the weight leaving only sufficient load on the hanger to keep the 
wire taut and free from kinks. Read the scale S and the vernier V . 
This is the initial reading. 

Then increase the load by 4 kgm. and again note ttye reading. Go 
-on increasing the load by steps of 4 kgm., and note the reading for 

each load up to the maximum safe 
load, i.e ., before reaching the 
elastic limit. This is the point 
beyond which Hooke's law does 
not hold. Now diminish the load 
by equal amounts U.e., by 4 kgm.) 
till the original load of 4 kgm. is 
reached, noting the reading in 
each case. Take the mean of the 
readings for each load as the 
actual reading corresponding to 
that load. The two £ets of read- 
ings should closely agree, but if 
they differ appreciably, it is po- 
Fig. 48(a). ssible that the wire has been 

stretched beyond the elastic limit, in which case the experiment 
should be repeated with a new wire. 

1 Mefcstire the diameter of the wire very accurately with a micrometer 
screw-gauge at several places along the length of the wire from the point 
of support to the zero of the vernier twice in rt. angled directtons at 
.each place and find out the mean radius r therefrom. 

Tabulate the readings of the vernier against the corresponding loads 
and find out the elongations for the various loads by subtracting each 
^reading from the initial reading. Then plot a curve with loads as abscissa 
and the corresponding elongations as ordinates (Fig. 48(a). The graph 
should be a st. line passing through the origin, meaning thereby that 
• elongation is zero for zero load. Hooke’s law is verified if the graph 
is a st. line. From the graph find out the elongation l corresponding 
to- any suitable load, say m grms. Measure the length L of the 
-experimental wire from the point of support C up to the point where 
the vernier fe attached. Then, 

__ , . . F/Kr 2 mg I nr 2 , % 

Youngs modulus- ~ ^ ^ dynes/cm . 

Note. — (i) As the wires are fixed on the same support, any yield 
-of support will affect both the wipes to the same a&fcenty and so there 
will be no relative motion of V over S. 
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(ii) As the two wires are made of the same material, any varia* 
tion of temperature will affect both the wires by equal* amounts and so 
the readings will not be affected. 

Examples'— (I) ^4 rubber cord 0 2 cm. radius is loaded with IS kqm. weight . A 
length of 50 cms. is found to be extended to 51 cms. Calculate the Young* s modulus - 
of rubber. * 

Here the pulling force 13 x 1000 x 981 = 12,753,000 dynes. 

Stress = 12, 753, 000+* x (0*2) 8 ; Strain* (51 -60) -*-50 -0*02 ; 

12,753,000 , A „ u<Alo , 

. . Y * r x (0 .^2 x 0 - 02 d y nes P er 8< h cm. - 0 6 x 10 10 dynes per sq. cm. 

0 ?) A mass of 20 knm. is suspended from a vertical wire 600' 5 cm. long and 1 sq. 
mm , in cross-section. When the load is removed , the wire is found to be shortend by • 
0 5 cm. Find Young's modulus for the material of the wire. ( C . U. 1938).. 

Pulling force F = 20 x 1 000 x 981 dynes ; 

• Stress = Fl { area of cross-section) — (20 x 1000 x 981)-*- (0*01). 

-= 1’962 x 10 9 dynes per sq. cm. 

a. i!t 0 5 1 . v , . , 1*962 X10 9 

Staun = IIL = ooo=»“iaoi : ■ ■ YonnR 8 modu,ns (Y) = " T^r “ 

* 1201 x 1*962 x 10° “2*35 x 10 12 dynes per sq. cm. 

100. Properties Peculiar to Solids. — 

Ductility. — It is the property in virtue of which a body may 
change its form by the application of pressure. Due to this property a 
solid may he drawn into fine wires. 

Malleability. — It is the property in virtue of which metals can 
*be hammered into thin leaves. Gold, silver, led are malleable substan- 
ces as they can be beaten into thin leaves. Lead is a malleable metal 
but not ductile, as it cannot be drawn into fine wires. 

Tenacity. — It is the property of the solid, when in the form of 
wires, to support a weight without breaking. The weight required to 
break a wire is called its breaking -weight, and is the measure of the 
tenacity or tensile strength of the material of the wire. 

Wrought-iron has more tenacity than cast-iron ; and the steel 
pianoforte wire is the most tenacious metal. 

Hardness. — 1^ is the relative property of the solid in virtue of 
- which it offers resistance to being scratched by others. Diamond is 
.the, hardest known substance. 

Rigidity. — It.is the property of the solid due to which it does not 
readily alter its size or* shape, and keeps its own volume and form* 
unless subjected to a considerable force. 
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100(a). Properties peculiar to Liquids — 

M Surf ace* tension.— At any point inside a mass of a liquid a 
molecule • is subject to attracting forces exerted by neighourmg 
molecules on all sides. But a molecule near to the |urface is pulled 
more strongly inwards, than outwards, and this causes the surface to 
behave as though it were covered by a thin stretched skin. This 
tension along the surface is known as surface tension. The surface 
has a tendency to contract and reduce its area to a minimum. 

The spherical shapes of soap bubbles, or rain-drops, are due to 
surface tension which pulls the drops into the shape of a sphere, as a 
sphere has the least surface area for a given volume. In large masses 
of liquids this effect is not so evident, as the attraction due to gravita- 
tion is in much excess over cohesive forces. 

When the mutual attraction between the molecules of a liquid 
( cohesion ) contained in a vessel is less than their attraction to the 
sides {adhesion), the liquid wets the side of the vessel, as is the case 
with water in a glass vessel ; but if the attraction of adhesion is less 
than that of co-hesion, as with mercury in a glass vessel, the liquid 
- does not wet glass, and so mercurry sprinkled on glass surface separates 
out into spherical drops, whereas water or oil easily spreads over a 
. a glass surface. 

l!hat the surface ' layer of a liquid acts as a stretched membrane 
/may be understood by placing very carefully a slightly greased sewing- 
■ needle on the surface of water in a dish. The needle, which is eight 
times as dense as water, will be found to fluat in apparent contradic- 
tion to the law of Archimedes (Art. Ill) according to which it should 
sink. The phenomenon of insects walking and running on the surface 
*of water is also another illustration of the same effect. 

( h ) Capillarity. — If a glass tube of small bore is dipped in a 
liquid, then, in a case where the liquid wets glass, as the case with 

water, the internal level of 
the liquid will be higher than 
the level outside |Fig. 49(a)J, 
but with mercury, which does 
not wet glass, the interior 
surface is below the exterior 
surface [Pig. 49(b) I . The sur- 
face in the case of water in, 
* glass is concave upwards, but for mercury it is convex upwards. 

, i 

These results are said to be due to what is known as capillarity, 
'It is due to the fact that the molecular attraction! of glass for water— *• 



Fig. 49(a) Fig. 49(b) 
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i.e. the force of adhesion between the solid and the liquid — is greater 
than the attraction {i.e, the force of cohesion) of water, fpr water, and 
that the force of adhesion between glass and mercury is less than the 
force of cohesion between mercury and mercury. The elevation or 
depres-ion of ttte liquid in the tube is inversely proportional to the 
■diameter of the tube (Pig. 49) ; so the capillary effect can be clearly 
■shown only in the case of very narrow tubes. For this reason, tubes of 
small internal diameter are called capillary tubes. 

The rise of oil in wicks of lamps, the soaking up of ink by blotting 
paper, the retent -on of water in a piece of sponge, the rapid absorption 
of liquid hv a lump of sugar, the wetting of a towel, when one end of it 
is allowed to stand in water, are all instances of capillarity. 

(iii) Viscosity --Water poured into a funnel runs out rapidly* 
hut glycerine or thick oil runs through more slowly, and treacle still 
more slowly. They differ from one another in, what is termed, 
mscosity , winch is due to friction in the interior of the liquids. Liquids 
like water wjiich fl low read il> are termed mobile , while those of the 
treacle typ- are said t ) be viscous. The viscosity of a liquid decreases 
with the rise in temporal lire as seen in the case of treacle, when it is 
hot. Visco-uti.v varies with i he nature of the fluid. Gases are very 
mobile, yet tno viscosity of air is seen in the effect of wind in causing 
waves. 


Questions 

Arts! 97 & 99. 

. 1. State and explain Hooke’s law and describe an experiment to illustrate 

it. (0. U. 1988 ; Pat. 1980). 

2. State ‘Hooke’s Law’ and define ‘Young’s modulus of Elasticity’. Haw 
would you determine ‘Young’s modulus’ for a steel wire ? 

{See also Art. 98).* (0. U. 1982, ’86, ’88 ; All. ’28, ’30, ’46) 

8. Tell how you may, by use of Hooke’s law and a 20 lb. weight, make 
"the scale for a 82-lb. spring balance. (C. U. 1936.) 

4. A wire of 0'4 cm. diameter is loaded with 25 kgm. wt. A length of 
100 cm. is found to be extended to 102 cm. Calculate the YoungB’ modulus 
cf the wire. (All. ’46). 
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OHAPTBE VIII 

Pressure in Liquids 

101. Hydrostatics . — The study of Hydrostatics deals with the* 
action of forces on fluids and with their conditions of equilibrium. 

102. Pressure at a point in a Liquid, — Pressure at a point due 
to a liquid is the thrust exerted by the liquid per unit area surrounding, 

the point. That is, pressure • which is the same as the 

* Total area 

force per unit area . 

Consider a cylindrical column of liquid of height 
h, the area of cross-section of the cylinder being A 
(Fig. 50). The weight of this column of liquid is- 
the total thrust upon the base. Therefore the total 
thrust upon the base = A h P r/, 

[p (pronounced V/io’) = density of the liquid] 

.*. Pressure exerted by the liquid cplurnn 

* ~ - h P q m That is, 

A 

the pressure at a point in a liquid is proportional 
Fjg * 50 to its depth. 

Remember that pressure is the force per unit area. 

Experiments. — (i) Fig. 51 is a graphic 
method of showing that in a liquid the pressure 
is proportional to depth. It is a tall jar having 
three outlets at different depths. When the jar 
is filled with water, water- jets are seen to flow 
out through the outlets with different forces 
indicating difference of pressures at those levels. 

(ii) A thistle funnel is bent as shown in Fig. 
52, and across its mouth a thin india-rubber * 
membrane is tightly tied with thread. Coloured 
Water is poured into the bend to serve *aB a 
manometer (pressure measurer). Lower the funnel into a deep glass vessel 



Fig. 51. 
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filled with water. The increase in pressure of the water on the membrane, 
transmitted by the air in the funnel, will be 
indicated by the drop of the liquid in the short 
tube and rise in the longer one. By lowering 
the funnel at different depths it will be shown 
that the pressure is proportional to depth . Move 
the funnel to and fro at the same level. It will 
be seen that the levels of the coloured water do 
not change, which shows that the pi 'ssnrc at the 
same level is the same. 

Using thistle funnels bent at different angles 
(Fig. 52) it can bo shown that a pressure is 
exerted in a liquid In all directions. 

103. The Free Surface of a liquid at 
rest is always Horizontal —If possible let 
the surface be not horizontal (Fig. 53). 

Consider two points A and B in the liquid in the same horizontal 

The pressure at A due to the liquid is gph t1 
and that at B is gph 2l where P is the density of the 
liquid, and h L and h 2 are the heights of the liquid 
at A and B respectively. Since h 2 is greater than 
/j lf the pressure at B is greater than that at A . 
Hence the liquid particles will move from places of 
higher pressure to those of lower ones until the state 
of equilibrium is reached, i.e. until the surface of 
the liquid is horizontal. 

From this fact it follows also that if a liquid be 
poured into a series of connected vessels of varied shapes, the liquid, 
when at rest, will stand at the same level in all the vessel^. Thus, in 
a tea-pot the* water stands at the same level in the spout as in the 
vessel itself. This is commonly expressed by saying that liquids find 
their own level. 

If several liquids which do not mix with one another are placed 
in the same vessel, they will arrange themselves one above another in 
the order of their densities, the heaviest of them being at the bottom 
and the lightest at the top. It will be found that the surfaco of separa- 
tion in each case is horizontal. 

1 103 (a). Some illustrations. — 

(1) Spirit level.— This instrument is based on the principle ex- 
plained above, and is used to test whether a surface is perfectly hori- 

8 
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zontal or not. This consists of a slightly curved glass tube filled 
with alcohol, except for a small bubble of 
air, which naturally occupies the highest part 
of the tube (Fig. 54). The glaps tube is fixed 
in a brass mount. The air-bubble occupies 
exactly the middle position of the tube if the 
instrument is placed on a perfectly horizontal 
Fig. 54 — Spirit level. surface, and the bubble will move in a differ- 

ent position if the surface is not horizontal. 

(2) City Water Supply — The principle that water, or any other 
liquid, finds its own level is applied in supplying water to different 
houses of a city. In order that every house may have an adequate 
supply of water at a considerable pressure, water obtained from the 
source of supply, say a river or a well, is pumped up by steam-driven 
pumps into a large reservoir placed at the highest place in the neigh- 
bourhood, or on lofty water towers, specially erected for the purpose. 
The water from the reservoir is carried to different building? by means 
of water-mains and branch pipes. The pressure of the water supply 
depends upon the vertical height — called the “head of water ’ 1 — of the 
water surface in the reservoir. In practice, however, the water does 
not rise as high as the height of the water surface in the reservoir. 
This is due to the friction both of the air and of the pipes. 

(3) Tube-wells. — There are water beds at different depths below 
the surface of the earth. These beds are fed by outlying rivers and 
lakes, and the currents of water in these beds are like water in a 
U-tube, the water in which always tries to find its own level in the 
two limbs. So, as soon as a boring is made anywhere below the 
surface of the earth reaching any of these water beds, water gushes 
forth upwards with a tendency to find its own level, which is the level 
of rivers, etc. A pump is generally required to raise the water up to 
surface of the earth. 

Example. —Neglecting t he Inns of pressure in the transit, calculate what head 
of water is necessary to produce a pressure of 200 lbs . per sy. inch in the street mains . 

1 cu. ft. of water weighs 62‘5 lbs. '• For the head of water 1ft. high, 
pressure per kq. foot = 62*0 lbs. Pressure per sq. inch - 0*43 lb. 

To maintain a pressure of 0*43 lb. per sq. inch, a column of water 
1 foot high is necessary. 

. Hence to maintain a pressure of 200 lbs. per sq. inch, the .height (head) of 
water necessary 4 64 ft. (approx.) 
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That is, the water in the reservoir should stand 464 ft. above the point 
in question. 

104. The pressure of a fluid at any point in the 'wall of a 
vessel acts ii^ a direction perpendicular to the 
wall.-— Fill the vessel (Fig. 55) with water and push 
the piston m. It will be found that the water is aj; 
once forced out of every hole, as shown in the figure, 
along a radius of the spherical vessel — i.e. in a direc- 
tion perpendicular to the wall of the vessel. 

This fact is also shown when a pipe containing 
a liquid at rest is pierced by a small hole. A thin jet. 
squirts out at right-angles to the surface of the 
pipe. 

Examples. — 2. A plate 10 metres square is placed hori- 
zontally 1 metre below the surface of water , when the height 
of the mercury barometer is 760 mm. What will be the total 
pressure on the plate 1 (The density of mercury - 13‘6). \C.U. 

191 J.) • 

1 metre®* 100 cms. ; 1 0 metros square = 10 metres x 10 metres 
— 1000 cms. x 1000 cms. = 10 6 sq. cms. 

The pressure at a point 100 cms. below the surface of water •■atmospheric 
pressure + the pressure due to a column of water of height 100 cms. 

= Pressure due to (76 x l:}'6 + 100) cms. height of water = that due to 
1133'6 cms. height of water = that due to 1183'ft gms. weight - 1133*6 x 981 
dynes (V 1 gm. wt. — 981 dynes) 

This is the force exerted on unit area of the plate. 

The total pressure on the plate* 1133'6 X 981 X 10 B dynes. 

* 1'013 x 10 19 dynes. 

2 A U-tube open at one end and closed at the other is partially filled with 
mercury (density 13'6). The closed end of the tube contains some air and the 
mercury in the open limb stands 30 cms . higher than it does in the closed, limb. Find 
m c . q. s . units intensity of pressure on the air in the closed end of the tube. 

(a. U. 1910) 

The pressure of the enclosed air* Pressure due to (76 + 301 cms. of mercury 

- (106 x 18'6 x 9811 dynes- 141 x 10 6 dynes. 

3. At what depth below the surface of water luill the pressure be equal to two 
atmospheres if the atmospheric pressure be 1 megadyne (10* dynes) per sq. cm. ? 
(g = U81 cm. I sec.*). (C. U. 1931). 

Let h cms. be the required depth at which the pressure is equal bo 2 
megadynes. # 

The pressure due to h cms. height of water— 1 megadyne — 10 6 dynes. 

The pressure due to 1 cm. height of. water (i.e. the wt. of 1 c.c. of water) 
— 1 gm.-wt. — 981 dynes. 

The pressure due to h cms. height of water** 7&X981 dynes** 10 6 dyncJS. 

10* • . 
h* -” — 101,936 cms. 




11 6 


INTERMEDIATE PHYSICS 


105. The Lateral Pressure —When a liquid is at rest, it exerts 
pressure on the 4 sides of the containing vessel, which is known as 
lateral pressure . 

Fig. 56 shows a vessel floating on water having a stop-cock in 
one side. Fill the vessel with water and open the stop cock. Water 

flows out of the cock, and the vessel is seen 
to move backwards in a direction opposite 
to that of the water jot. 

When the liquid is at rest, the horizontal 
pressure on the two sides are equal and 
dosti oy each other . but when the pressure 
on one side is relieved by opening the 
stop-cock, the vessel moves in the opposite 
direction (in the direction of the arrow) 
due to the latoral pressure on that side. 

106. The pressure at any particular 
Depth does not depend on the Shape of 

area of 

cross-section of all the four vessels 
A,B,C,D, (Fig. 57) known as Pas- 
cals vases , are equal. They can 
be screwed on the platform and a 
plate E attached to one end of a 
lever is pressed against the bottom 
by adding weights W on the scale 
pan. Placing a suitable weight on 
the scale pan, water is poured into 
the vessel until the supporting plato 
just yields, and water escapes. 

Noting the depth h of water, the 
experiment is repeated with other 
vessels. It will be found that 
Water begins to escape when it 
attains thp same depth in every 
case, proving that pressure depends Fig. 57 

only on the depth, and not on the size or shape of the vessel. 

This %$ also known as the Hydrostatic Paradox. 

* The result is at first puzzling but a moment’s consideration will 
show that there is no real inconsistency. There are two vessels in 
Fig* 58 of different shape having bases of the same area. They 




Fig. 56 

the Vessel. 

Experiment. — The 
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are filled with water to the same level. Though the amount of 
water in the two vessels is different, the pressure exerted on the base 
of the vessel is the same in the two cases. 

This is because the sides of the vessel 
exert pressure* on tho liquid at right 
angles to its surface. This procure is 
represented by P in Pig 58(a), which can 
be rosolved into two components, V 
acting upwards and II acting horizontally. 

All the vertical components like V serve to support the water on 
the sloping side. In Fig. 58(h), the slope of the side being opposite, 
the vertical component V is acting downwards, which is transmitted to 
the base. Due to this, the total pressure on the base 
is the same as if the vessel had vertical sides. This 
explains that the pressure depends only on the depth 
and not on the shape or size of the vessel. 

107 The Upward Pressure at any Depth in 
a Liquid is Equal to the Downward Pressure — 

Experiment — Take a glass cylinder with both 
ends open. A thin disc of tin is held tightly against 
the lower end by a string passing through its centre 
(Fig. 59). On lowering the whole into water and 
loosening the string, it will be found that the tin disc 
docs not fall. This is duo to the vertical upward 
thrust exerted by water underneath the disc. 

Now carefully pour water inside the cylinder and 
note that the disc remains in its place so long as the 
level of water inside is less than the outside level, but 
the disc falls down by its own weight when the level of Water inside 
and outside the cylinder is the same. 

This proves that the upward pressure , or the buoyancy , at any depth 
is equal to the downward pressure. 

108. Pascal’s Law. — The pressure exerted anywhere on a mass of 
a confined liquid is transmitted undiminished in all directions so as to 
art with equal force on every unit area of the containing vessel in a 
direction at rigid angles to the surface of the vessel exposed to the liquid. 

Experiment. — Take a stout glass flask fitted with a closely fitted 
pifiton at the neck. There are four tubes, bent upwards and attached 
to the flask, as *hown in Fig 60. Put a little mercury into the bend 
of each of thpse tubes. Then each of these tubes serves as a mano- 
meter (or pressure measurer). * 




tfl) (*) 

Fig. 58 



na 


INTERMEDIATE PHYSICS 


Remove the piston and fill the flask with water, and then apply a 
pressure by re-inserting the piston. The pressure is transmitted in 
all directions. 

On pushing the piston, the mercury will be seen to rise to the same 
height in all the tubes, showing that the pressure exerted is the same 
in every case. c 

If each of the openings has got the same area, then the total force 
exerted ( i.e . pressure x area) will also be equal in every case. If the 
area of one of the openings be twice that of another, 
the total force (here total force = 2 area x press.) exer- 
ted there will also be twice, but the pressure, i.e. the 
force on unit area, will be the same, and so the mano- 
meter will indicate the same difference of level. 

This principle is applied in constructing hydraulic 
presses and lifts. 

Historical. — The above law is knowm as Pascal’s 
•law because Blaise Pascal (1623 — 1662), a French 
Mathematician and Philosopher, was the first to state 
the law of the equal transmission of fluid pressure. 
Pascal was one of the founders of the science of 
Hydrostatics. He was the first to make a thrilling 
demonstration of the fact that a narrow vertical column 
of water contained in a long tube fixed to the top of a 
wooden barrel can exert so much pressure on its walls 

Fig. 60 that the barrel may burst. At that time it was called a 
paradox. The hydrostatic bellows (Art. 110) is based on this principle. 

109 Hydraulic Press (The Bramah Press). — 

Principle of Action .— Consider two cylinders A and B (Fig. 61) of 
different areas fitted with pistons and communicating with each other 
through a pipe. Now, if a pressure be applied on the piston in A, an 
equal pressure will be transmitted to the piston in B. Bemember that 
it is the pressure which is transmitted , not the total force. The pressure 
is the force per unit area. Hence the areas of the pistons must be 
taken into account in considering the transmitted force. So every unit 
area of the piston in B will be pressed upwards with the force exerted 
by every unit area of the piston in A. 

Thus, if the diameter of B is four times the diameter of A , the area 
of Cross-section of B will be sixteen times that of A . The pressure on 
the piston in B will be the same as that applied by the piston in A f 
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but since the total force is the product of pressure and area, the up- 
ward force on the platform W is sixteen times the force on the piston 
in or in other words, if < and 0 be the areas of the small and large 
pistons respectively, and / the force applied by the piston in A , 

• 

. ' . • p 

then the force F on the piston in B will be given by, 

• 

This is the principle of Bramah’s Press, where, by applying a small 
force to the piston in the narrow cylinder, a much heavier load may be 
raised or pressed against the upper 
platform, as shown in Fig. 61. 

Description. — The principle of the 
hydraulic press is applied for a variety 
of purposes, e.g. for compressing bales 
of cotton, lifting heavy weights, bend- 
ing tram lines, extracting oil from 
seeds, etc. * 

Fig. 62 &hows a section of a work- 
ing type of hydraulic press. On the 
right-hand side of it, is a pump, 
the piston A of which works in a small 
cylinder C\. When the piston is raised 
by the lever L , water from a cistern 
enter%the cylinder Cj through a valve 
F, at the bottom. When the piston 
descends the valve at the bottom closes, and the water is forced into the 
larger cylinder C 2 along the narrow tube through valve F 2 . In this 
cylinder there is the large solid piston B (the ram J, whi^h carries a 
platfoirn P at # its top on which bales are placed to be compressed 
against a stout fixed plate B. The sectional area of the piston ia 
cylinder C 2 is much larger than the area of the other piston, so the 
force exerted on the larger piston is multiplied many times according 
to the principle stated above. 

“Paradox”.-- In the above case the force is magnified, but there is 
no gain in work, and though it appears to be paradoxical at first sight, 
there is nothing «really peculiar in it. It is the case with all the simple 
machines, and the Principle of Conservation of Energy is satisfied 
in all cases. 

In the hydraulic press, when a small force applied to the small 
piston in the narrow cylinder overcomes a large resistance applied to 
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the larger piston of the other cylinder, the small piston has 



Fig 62 — Hydiaulic Pre&R 
undnmmshed to the larger piston, so 


to he moved through a conside- 
rable distance m order to move 
the larger one through a small 
distance, and the work done m 
the two cases is the same For 
example, let the aiea of cross 
section of the small piston be 
< and that of the other be P 
When the small piston moves 
down through r lt r t vol of 
water must be driven from the 
small lindei into the luger 
one, and foi this the larger pis 
ton will be laised through CriiP 
as the area of cross section of 
this cylinder is P Now, it a force 
f\ is produced on th 3 small pis- 
ton A, then the pressure is Fj< 
and this pressure is transmitted 
the thiust on the larger piston® 


F «r 

press *area • ~ 1 * ft and it moves through ~q X Hence the work 

< p 

done (1 e. force x distance) by the smaller piston = F ± x ln and the work 


done on the larger piston is 



and they are equal 


Mechanical advantage of the machine -Let a force Fbe applied 
to the end of the lever L If the thrust generated on the smaller 
piston A be F lt then the mechanical adiantaqe {m) of the lever is 
given by, 

_ F x Power arm d_ 

i* Resistance arm c 

te F x **m F** ^ F 
c 


Let the total force produced on the larger piston B be F 2 Then* 




p 


F1 - - 


p 


Mechanical advantage of the machine. 

F t P d 
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Example. — A Bramah press has a piston whose cross-sebtion is 144 sg. in . The 
-cross- section of the pump is 2 sg. in,. The shorter arm of the lever working the pump 
is 1 foot and the longer one ii 4 feet in length. Calculate the total force obtained 
when an effort of 175 lbs. is applied to the end of the longer arm . 


By the prindple of the lever, we have 175 X 4 - W* 1, where W is the 


• 1 75 X 4 

weight or load : W = • — “700 -lbs. « 

That is, the pressure has been increased from 175 to 
700 lbs. 


Now, according to the principle of the hydraulic 
F 144 

press, we have, where F is the total force. 


r- 


700 X 141 
2 


- 50,400 lbs. wt. 


110. Hydrostatic Bellows.— Fig. 63 re- 
presents an instrument known as the hydros- 
tatic hclloi^s . This is another example of 
multiplication of force by the transmission of 
fluid pressure. The instrument consists of a 
stout leather bellows attached to a long verti- 
cal tube. The bladder and a part of the tube 
are filled with water. A heavy weight placed on 
the platform of the bladder will be supported 
simply by the weight of a column of water in 
the attached tube. 



Fig. 68 — Hydro- 
static Bellows 


Questions 

Art. 102 

1. How woqjd you prove experimentally that a liquid exerts pressure in 

all directions ? (C. U. 1911 ; ’14 ; ’27). 

2. The density of sea- water is 1*025. Find the pressure at the depth of 

10 ft. below the surface in pounds per square foot, given that one cubic foot 
of water weighs 62*5 lbs. 'C. U. 1927). 

[Am : 640*625 lbs. per sq. ft.] 

8. Define intensity of pressure at a point in a liquid. Prove that the 
difference of pressure between the surface of a liquid and a point in the liquid 
z cms. below the sifrface is given by P*=gdz, where d is the density of liquid 
and g is the acceleration due to gravity. (C. U. 1910 ; Pat. 1988), 

[Hints. — Intensity of pressure at a point is the pressure per unit area 
surrounding that point. If p be the atmospheric pressure, i.e. pressure of air 
•exerted on unit area, then the pressure due to atmosphere on an area A of the 
liquid surface x 4 . The pressure due to the liquid column of tftb same area 
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A and height z cins," Agdz. Total pressure at a point in the liquid z cms.. 
below the surface =pA + Agdz. 

The press, on unit area ^p + gdz, and the press, on the surface =jo. 

• The difference of pressure ■= (p + gdz) —p - gdz.] 

4. A rectangular tank 6 ft. deep, 8 ft. broad and 10 ft. long is filled with 
water. Calculate tjio thrust on each of the sides and on the base. (1 cu. ft. of 
water weighs 62‘5 lbs) (Pat. 1929). 

(See Art. 104.) [Ann. : On the base *960,000 poundals ; on each of the 
shorter sides *= 288,000 poundals ; on each of the longer sides *=360,000* 
poundals.] 

Art. 105. 

6. A tall vessel provided with a tap at the side near the bottom is tilled 
with water and made to float upright on a thick plate of cork. Explain what 
will happen when the tap is opened. (C. U. 1914). 

Art. 108. 

6. State Pascal’s Law as to the transmission of pressure in a liquid and 
describe a suitable experiment to verify it in the laboratory. 

(C. U. 1922 ; Cf. Pat. 1929 ; ’81 ; ’41 ; ’44). 

7. The neck and bottom of a bottle are \ in. and 4 in. in diameter respec- 
tively. If when the bottle is full of oil. the cork in the neck is pressed in with 
a force of 1 lb. wt., what force is exerted on the bottom of the bottle ? 

(Pat. 1944). 

[. An h. : 64 lbs. wt,.] 

Art. 109. 

8. Draw a neat diagram of the hydraulic press, and give a brief descrip- 
tion of it with an explanation of its action. (C. U. 1922 ; ’34 ; ’37 ; Pat. ’19) 

9. Make a diagram showing the construction of a hydraulic press. 

A force of 50 kgms. is applied to the smaller piston of such a machine. 
Neglecting friction, find the force exerted on the large piston, the diameters of 
the pistons being 2 and 10 cins. respectively. ' (Idit. 1922). 

: 1250 kgm. wt,] 

10. Explain the action of the hydraulic press. 

The area of the small piston of a hydraulic press is one sq. ft. and that of 

the largo piston twenty sq. ft. How much wt. can be raised on the large 
piston by force of 200 lbs. acting on the small piston ? (C. U. 1946) 

[An#. : 4,000 lbs.]. 



CHAPTER IX 


Archimedes 9 Principle, Density and 
Specific Gravity 

111. Archimedes’ Principle.—^ body immersed partly or wholly 
in a fluid at rest appears to lose a part of its weight equal to the weight 
of the fluid displaced. 

Verification of Archimedes* Principle 

The Archimedes’ principle can be verified by a Hydrostatic balance 
which is simply an ordinary balance by which the weight of a body 
immersed in a liquid can conveniently be obtained. In a special form 
of this balance, one of the pans having a hook at its bottom is suspen- 
ded by a shorter suspending frame than the other. The body to be 
weighed is htang from the hook. 

Expt — A solid metal cylinder A (fig. 64) is suspended from a hook 
fixed at the bottom of a hollow cylinder B into 
which the solid cylinder A exactly tits, so that 
the internal volume of the hollow cylinder is the 
same as the volume of the solid one. The whole 
thing is suspended from one arm of a balance 
and counterpoised. The solid cylinder is then 
totally immersed in water placed in a beaker D 
B which rests on a small wooden bridge C. The 
balance is now disturbed as the lower cylinder 
has lost a part of its weight due to the upward 
thrust, i.c. buoyancy of water. 

Now fill the hollow cylinder B completely 
with water, and the balance will be restored 
again, showing that the solid cylinder lost a part 
of its weight equal to the weight of its own 
volume of water, which is t he same as the weight 
of the displaced water ; or, in other words, the 
upward thrust on the cylinder is equal to the weight 
placed by it. • 

This verifies the principle of Archimedes. 

Note. — It should be noted that the loss in weight of the cylinder is 
only an apparent one, for really the vessel of water together with the 
cylinder placed on the scale pan would weigh the same> whether the 
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cylinder is placed outside or inside the vessel of water, as explained in 
the case (2) on downward thrust (See p. 126.) 

Ill (a)’ The buoyancy of a fluid may be defined as the resultant 
upward thrust experienced by a body when immersed in the fluid. 
When standing or'lying in water you must have noticed that water 
tends to raise yo« or buoy you up. The result of this buoyancy of 
water can be observed by pushing a lead pencil, (or any other thing 
which floats) into water and then lotting go, when the solid will be 
seen to float up through the water. 

Theoretical Proof of the value of buoyancy.— Consider a solid 
rectangular block ABG1J inside a liquid (fig. 65). The liquid presses 
on the block all over The horizontal pressures on the 
two pairs of opposite vertical surfaces counteract each 
other as they are of equal magnitude and act in the 
same horizontal line. The top surface AB is pressed 
downwards by the weight of the column of liquid 
AEtB. The bottom surface CD, which is at a depth 
OF below the surface, is pressed upwards by the weight 
of the column of liquid EDGF (see art. 107). It is clear 
that the upward force exceeds the downward force by 
the weight of the column of liquid ADCB , which is 
the quantity of liquid displaced by the block, i.e. the upward thrust 
exerted by the liquid is equal to the weight of the displaced liquid. 

Mathematical Proof. — Let EA and ED, i.e. the depths of AJ) and 
CD-h and h ' respectively ; area of the faces AB and CD =■ A ; 
density of the liquid = d ; acceleration due to gravity = q . 

The total downward pressure on the face AB — Ahdg , 

And the total pressure on CD acting vertically upwards = Ah'dq. 

.\ The resultant thrust on the block exerted by *he liquid acting 
vertically upwards =* A(h' -h)dg> But A(h' - h) is the volume of the 
block, so the resultant upward thrust is equal to the weight of the 
volume of the liquid displaced by the block. This upward thrust is 
called the buoyancy of the liquid. 

Besides the buoyancy there is another force acting on the body, 
which is/»he weight of the body acting vertically downwards. If IT be 
this weight, the resultant force acting on the body is fW- Aty - h)dg\ ; 
■ that is, as the effect of immersion the body loses a part of its weight 
equal to the weight of the liquid displaced by it . 

The principle of Archimedes is also known as the law of buoyancy. 
It was discovered by Archimedes (212—287 B. 0.), a celebrated 
•mathematician and philosopher. The story of Hiero’s crown has been 
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too well known. Hiero, the king of Italy, wished to be certain that 
the crown made for him was of pure gold, and he asked Archimedes 
to settle this. This puzzled Archimedes, but he made many experi- 
ments as a result of which he discovered the above principle by which 
he could prove that the crown was not made of pure. gold. 

111. (b) The principle of Archimedes is also true for gases. 

A body will apparently weigh less in air than it would in vacuo, 
for the air exerts an upward thrust equal to the weight of the displaced 
air ; but the weight of the displaced air is so small that ordinarily it is 
not taken into account. 

Expt. — It can be demonstrated by the baroscope (fig. 66). A large 
sphere of cork is suspended from one arm of a small balance and is 
equipoised by brass wts. \V placed on 
the other arm. The whole system 
is tlien placed under the receiver 
B of an air pump. On drawing out 
air, the afm carrying the cork 
sphere is seen to sink down. The 
cork sphere owing to its larger 
volume displaces greater volume 
of air than the brass pieces and so 
the up thrust, or the buoyancy of 
air, is also greater on the cork 
sphere. As the apparent wts. of 
both *in air are the same while 
the buoyancy on the cork sphere is 
greater, the true wfc. of the cork 
sphere must be greater. That is why, 
in the absence of air, the cork 
sphere sinks detwn. If, however, the 
two are equipoised first in vacuo and then air is introduced, the cork 
will go up and the wts. sink down. 

Ill (c) True weight of a body.— -In very accurate weighings 
it is necessary to take account of the air displaced by the body in 
order to reduce the weight to vacuum. 

Let W “ true wt. of the body, i,e. its weight in vacuum, 

TFj. 188 true wt. of the counterpoising weights. 
d “density of the body ; d± “density of the wts, ; 
p * density of air. 

Then the volume of the body “ PF/cJ and the volume of the counter- 
poising wts.“ WJd i: So the wt. of the air displaced by* the body 
-P.W/d and that by the wts 
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whence 


Hence, for equilibrium, we have, 

W-r. W/d - W ± - p. Wjd,. 

since p is small in comparison with d or d ± . 

Example.— The wt. of a body in air is 30*5 gms. The deusity of the body 
is 0*76 gm./c.c., that of brass wts. is 8*4 gms./c.c., of air is 0*001293 gm./c.c. 
Calculate the tme wt. of the body. 


True wt. IK® W x + W 




® 80*5 + 30*5X000129; 


\0‘76 8*4 / 


= 30*5471 gin. 

Hence the true wt. is greater than the apparent wt. by 0*0471 gin. 

112, Two Interesting Cases on Downward Thrust. — The 

following interesting cases should bo noted carefully regarding the 
downward thrust on a liquid by an immersed 
body. — 

(l) A beaker containing water is placed on 
one pan of a balance and counterpoised [Fig. 66 (a)J. 
Now a body L of known volume, say v c.c. % suspen- 
ded by a thread from an external support (not from 
the balance beam), is allowed to sink into the ’water. 
What effect has this on the balance ? 

It will be found that the equilibrium of the 
balance will be destroyed, to restore which weight 
on the other pan should be increased by v gm. 
This is because the liquid in the beaker displaced 
by the body raises the level by which the downward 
pressure on the bottom, which depends upon the depth of the liquid, 
is increased and so the total thrust on the bottom is increased. 



Fig. 66 (a) 


(2) A beaker containing water is placed on the left pan of a 
balance and a body is also placed on the same pan outside the beaker 
and the two are counterpoised. Now the body is suspended from the 
left hook of the balance and is allowed to sink into the water. It will 
be found that equilibrium will not be disturbed in this case. The 
upward force of buoyancy, when the body is immersed, is equal to the 
weight of its own volume of the liquid. But, since the weight of the 
whole system on the left side remains unchanged, the beaker experiences 
WBr equal force downwards and so the equilibrium is not disturbed. , 
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113. Density and Specific Gravity.— The density of a substance 

is the mass per unit volume of the substance. So, 
t\ Mass 

DeM,tr "VoW 


The specific gravity of a substance is the r&tio of the mass of 
any volume of the substance to the mass of an equal* volume of water 
at 4* C. Thus, 


Sp. gr. of a substance = 


Mass of V c.c. of the substance 
Mass of V c.c. of water at 4°C 


_Mass of unit volume of the s ubstan ce 
Mass of unit volume of water at 4°C. 

_ Density of the substance 
Density of water at 4°C* 

So, specific gravity is called Relative density. 

Note, (ij Specific gravity is expressed as a ratio ; it expresses the 
number of times a substance is heavier than an equal volume of water. 
So it is a pure number only, while density, which is the mass per unit 
volume, is not a mere number. Density must be expressed in some unit , 
i.e. in grains per cubic centimetre , or in pounds or ounces per cubic foot. 

(ii) Wo may speak of weight , instead of mass , in defining specific 
gravity, because the ratio of two weights is equal to the ratio of their 
masses. 

114* Relation between Density and Specific Gravity in the 
# two systems of units. 

(a) In C. G. S. units, the density of water at 4°C. ^the mass of 
1 c.c. of water at 4°C. = 1 gram. 

Since 1 c.c. qf water weighs 1 gm., the volume of a substance in c.c. 
is numerically equal to the mass in gm. for an equal volume of water. 
So density of a substance can be written , for G. G. S. units , as follows. 

~ _Mass of the substance _ 
enS1 ^ Volume of the substance 

_Mass of thesubstance _ 

Mass of an equal volume of water* 

But the ratio of the masses of two bodies is the same as the ratio 
.of their weights. Henoe, when pleasured in C. G. 8. units, 

Weight of a body 

ensi y Weight 0 f all e q Ua i volume of water 

« Specific gravity of the body. 
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Therefore, the density of a substance in C. G. S. units in 
numerically equal to its specific gravity. For example, the density 
of lead in 0. G. S. units is 11‘3 grams per c.c. f and the sp. gr. 


of lead — 


d ens i t y_o Me a d 
density of water at 4°C. 


11*3 

1 


11*3. 


(b) In F. P. S. units, the density of water at 4°C. “the mass of 
1 cu. ft. of water at 4C.“62'5 lbs. Since sp. gr. of a substance 


density of the substance , .. . , , 

density of water at 4°C.’ '• C - density of a ^bstance = density of 


water at 4°C, * sp. gr. of tho substance. So, the density of a substance 
in F.P.S. units (lbs. per ft. 3 ) is numerically equal to 62*5 x sp. gr. of 
the substuice For example, (i) tho density of load in F. P. S. units is 


709 

709 pounds per eu. ft., and the sp. gr. of lead= - *= 11*3. 


62*5 


Again, (ii) the density of iron in C. G. S. units is 7*8 grms per c.c.. 


and the Rp. gr. of iron : 


fl Mass of 1 c.c. of iron 7*8 

Mass of 1 c c. of wator~~ 1 


= 7*8. 


And the density of iron in F. P. S. units is 487 5 lbs. per cu. ft. 

Jt n , . Mass of 1 cu. ft. of iron. 487*5 
Then, tho Sp. gr. of iron 


Mass of 1 cu. It. of water 62*5 


7*8. 


(c) In C. G. S. units, 


a ^ density of the substauce 
^ r * density of water at 4°C. 

__ p. gms./c c. 

1. gm./c.c. 


In F. P. S. units, 


Sp. gr. 


density of the substance 
density of water at 4°C. 


62*5 x p lbs./cu. ft. 
62*5 lbs./cu. ft. . f 


“P. 


Thus Sp. gr . is the same in bath the uftits. 
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The relations between the two systems will be dear by the 
following table : — 


System t 

Density 

. 

Specific gravity 

Metric (or C. G. S.) ... 

x gm. per c. c. 

■ 

X 

British (or F. P. S.) ... 

62*5 X x lb. per cu. ft. 

X 


Examples. — /. The crown of Hiero weighed 20 pounds . Archimedes found 
that immersed in water it lost V9& pounds . The crown was made of gold and silver. 
Find the roeights of these metals. ( Sp . gr. of gold = 19’ 3 ; sp. gr, of silver « 10’ 5). 

Let be the wt. of gold, and w 2 that of silver, then w ± +mj B "“ 20 lbs. 

The specific gravity of gold is 19*3, hence the density of gold* 
(19*3X62*5) Ibi per cu. ft. (See Art. 114.), Similarly, the density of silver— 
(10*5 X 62*5) lb. per cu. ft. 

The volume of gold — ' Q . - cu. ft. ; The volume of silver 
1 y o X o2 5 


w 2 


10*5 x 62*5 


cu. ft. 


( W-y W 2 \ 1 

-- - + : “ ) X — 

19 o 1(15/ 62 b 


- CU. ft. 


Now, the weight of the displaced water— 1*25 lbs. Tbe volume of this 
water — ^1*25 x cu. ft., and this must be equal to the volume of crown. 

Hence, (-g£+ ) X ± - 1'25 * ^ ; or -^+ ^ S' “ ^ 

Also we have ? 0 1 + w 2 — 20. From these two equations we get, — 15*078 
lbs., and m; 2 — (20— 15*078) — 4*922 lbs. 

2. The mass of an alloy of coppe j- and lead is 320 gm. ; the total volume is 
30 c. c Find the volume of each component . {Sp. gr. of copper ■» 8' 8 : sp. gr. of 
lead ^ IV 3) 


Let x c. c.— volume of copper ; y A.c.— volume of lead. 

* i*. Mass of copper— a;X 8*8 gm T £masB of lead-yx 11*3 gm. 

Renee, xx 8*8 +# x 11*3 — 320 ; fthd aj+y— 30. 

Solving these equations, we gg£, a?— 7*6 : 22*4 ; 

9 
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’ Volume of copper is 7*6 c.c., and volume of lead 22’4 c.c. 

S, Find a mathematical expression for the density of a mixture, when the densities 
and the masses of the components are known. 

Calculate the quantity of pure gold in 100 gms. of an alloy of gold aitd copper of 
density 16. [Density of gold - 19, and that of copper - 9). [Dae. 1J30.) 

Let and m 2 be the masses of the components and ^ and d 2 their 
respective densities, and let d be the density of the mixture. 

Then, volume of the mixture-'" 1 “Volume of the 

components, whence d can be calculated. 

If m gms. be the mass of pure gold in the alloy, the mass of copper- 

(100 — m) gms. Now, volume of the alloy- ^ ; vol. of gold- ; and 


100 — '//* 

vol. of copper - 


100 

16 


m 1 00 - m 

19 9 


whence w — 83'12 gms. 


4. A cylindrical tube one metre long and one centimetre m internal diameter 
weighs 100 gms. when empty and 150 gms. 'when filled up with a liquid. Find the 
specific gravity of the liquid. (Pat. 1926). 


The wt. of the liquid - 150-100-50 gms. 

The volume of the liquid — internal volume of the cylinder 
- V * (°‘5) 2 * 100 = 78-57 c.c. 

The density of the liquid - grn. per c.c. = 0*636 gm. per 

tool 


c.c. 


But the density of water is 1 gm. per c.c. ; 


Hence sp. gr. of the liquid 


(V63J3 

i 


0’636. 


115. Immersed and Floating Bodies. — 

Let W represent the weight of a body immersed in a liquid. It 
will displace its own volume of the liquid of weight, say W\ 

Then W* is the upward thrust, or buoyancy, which will act in 
opposite direction to W which is acting downwards. 

(1) If W>W\ the body will sink. 

(2) If W = W\ the body will float being wholly immersed any- 
where in the liquid. 

(3) If W<W , the body will float being partly immersed in the 
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liquid ; the volume of the body inside the liquid displaces a weight of 
the liquid equal to the weight of the whole body, that is, 

a body floats when the weight of the displaced liquid 

*=the weight of the body . 

115(a). Conditions of Equilibrium of a Floating body.- 

1. The wt. of the floating body must be equal to the wt. of the 
liquid displaced. 

2. The C. G. of the body and the C. G. of the displaced liquid 
(centre of buoyancy) must lie in the same vertical line which is called 
the centre line of the body. In general, the former is above the latter. 
For a completely immersed body, the former should be below the latter. 

TNote. — Tho equilibrium of a floating body is stable or unstable, 
according as the meta-centre is above or below the C. G. of the body. 
In the case of a floating spherical body the two coincide and the 
body is said to be in neutral equilibrium. The C. G. of a ship is kept 
below the meta-centre by weighting the bottom of the ship with ballast 
and thereby stability is increased. 

Meta-centre.-- If a body floating in equilibrium in a liquid leans 
on one side, the G. G. of the body and the centre of buoyancy of the 
liquid are both displaced in the direction in which the body leans. 
The point where the vertical line through the new position of the 
con t re of buoyancy intersects the centre line of the body, is called the 
meta-centre of the bodyj. 

115(b . Densities of Immersed and Floating bodies.— Let the 

density of a liquid be d lt in which a body of density d 2 and volume V 
is placed. Then, when the body is totally immersed, the mass of 
liquid displaced — d t F. The mass of the body^d^F. Hence, 

(1) if d 2 V^d x F, i.e. if d 2 >d lt the body will sink. 

(2) if d 2 =Si, the body will float being wholly immersed anywhere 
in the liquid. 

(3) ii d 2 <d x , the body will float partially immersed. In this 
case, if v be the volume of the liquid displaced by the immersed part 

v d 

of the body, d 3 = d 2 V ; or ^ ' 

Volu me 0 1 the immersed part _ density o f the body 

q,6m Total volume density of the liquid 

116. Illustrations of the Principle of Buoyancy of Liquids.— 

(l) Why Ifee floats on ' water ?— It is known that 1 gm. of ice 
at 0°G. occupies 1/0*92 or l'O0 c.c., the density of ice being 0*92 gm. 
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per c.c., but 1 gm. of water at 0°C. oeoupies very nearly 1 c.c. Hence 
1 c.c. of water at 0°C. becomes i '09 c.c. when turned into ice at tbe 
same temperature, that is, when water freezes into ice, it increases in 
volume by about 9 per cent., i.e. 11 volumes of water at 0°0. become 
about 12 volumes of ice at the same temperature. <• 

Hence the density of ice will be diminished in the same propor- 
tion. So, from the above relation, we get 


Volume of ice under water 
Total volume 


11 

12 


, lx. ice will float in water with -H of 


its volume below the surface and VV above it. 

Note. A body which floats in one liquid may sink in another 
which is lighter. Thus iron floats on mercury but sinks in water, oil 
floats on water but sinks in alcohol, wax floats on water but sinks 
in ether. 

(2) Why an Iron Ship floats on water?— It is a well-known fact 
that a solid block of iron readily sinks in water, because the density of 
iron is greater than that of water ; but the mystery why a* iron ship 
floats lies in its construction, that is, in its hollow shape, and due to this 
concave shape a porcelain saucer can be made to float on water. When 
the ship enters water, the volume of water displaced is much greater 
than the volume of iron immersed, and, as a solid cannot displace more 
than its own weight of a liquid, the ship sinks in water until the 
weight of the displaced water is equal to the weight of the ship, that 
is, the ship is immersed to such a depth that the weight of the ship 
with its contents, (ix. the engines, cargo and passengers, etc.), is 
balanced by the upward thrust, or the force of buoyancy, of the dis- 
placed water. 

LThe carrying capacity of a ship is determined by the tonnage 
and is found by taking the difference of the weights of the water 
displaced by the empty ship and the fully loaded ship. The weight of 
a big ship with its contents may come up to 65,000 tons, i.e. 65,000 
‘tons of water will be displaced by the vessel when afloat. It should 
be remembered that the depth of immersion of a ship is less in sea- 
water than in fresh water because the density of sea-water is a little 
greater thap that of a freshr water, and so, in order to obtain the same 
upthrust, a smaller volume of sea-water must be displaced. Thus a 
Bhip can carry much larger cargo on sea-water than on fresh water. 
Now-a-days, according to law, every ship must bear a mark, called the 
Pltmsoll line t showing the limit up to which it is permitted to immerse 
in sea- water of normal density]. 

It is known that a piece of marble can be made to float when 
tied to k* suitable piece of cork. Thus bodies heavier than water can 
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be made to float by being tied up to lighter bodies of suitable size. This 
explains the principle of life-belts , which are found in steamers and ships. 

(3) Swimming.— It is an art of moving in water keeping the head 
out of the surface of water. Though volume per volume the human 
body is lighter than water and it will float, the head is heavier and 
so in tends to sink in water. The secret of swimminfe, therefore, lies 
in keeping the head out of water by the movement of limbs. It is 
much easier to swim in salt water than in fresh water, because the 
density of salt water being greater, less force is required to prevent 
the body from Biuking. 

Example. — The weight of a big liner is given as 64,000 tons. What must be 
the volume of a floating dock which will be able to support it ? ( Sp . gr. of sea-water 
=*1025), 

The volume of the dock must be equal to the volume of sea- water weighing 
64,000 tons, i.e, (64,000x22,40) lbs. 

1 cu. ft. of pure water weighs 62*5 lbs. 

The wfc. of 1 cu. ft. of sen-water = 62’5 X 1*025 lbs. 

■ . Volume required = — =2,287,846 cu. ft. (approx.) 

117. The Cartesian Diver.— This is a hydrostatic toy invented 
by the great French philosopher Descartes (1596 — 1605) to illustrate 
the principle of Archimedes. The principles of equilibrium of a body 
floating in a liquid, transmission of fluid pressure, and compressibility 
of gases are demonstrated by it. 

The diver is usually a small hollow doll hav- 
ing a tubular tail open at the end commu- 
nicating with the inside (Fig. 67). In some 
cases the doll is solid and is attached to a hollow 
ball having a* small opening at the bottom 
(shewn on the right of the jar), so that the two 
together can float in equilibrium. 

The diver is kept in a tall jar which is 
nearly filled with water. The top of the jar 
is closed air-tight by means of a sheet of rubber. 

The diver is partly filled with air and partly 
with water, the total mass being slightly less 
than the mass of water displaced, the diver 
floats partly immersed. , 

On pressing the rubber sheet by means of 
the fingers, the diver* is seen to sink down and 
rise up again ^on releasing *tbe pressure. By 
regulating the pressure, the div6r may be kept stationary at any depth. 



Fig, 67. 
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Explanation . — When the rubber sheet is pressed, vol. of the air 
enclosed on the water surface is diminished whereby the pressure of 
the air is increased. This pressure gets transmitted through water 
to the air inside the diver. As a result, the volume of the enclosed 
air is reduced and so an additional quantity of water enters into the 
diver through the opening whereby the diver is rendered heavier than 
the displaced water and so it sinks. When the pressure on the rubber 
sheet is released, the air inside the diver expands driving out the 
additional water and the diver is rendered lighter and so it rises up 
again. 

If it were possible to make the diver sink to such a depth that the 
liquid pressure at. that depth is too great for the inside air to expand 
adequately on the release of pressure, the diver will not rise up again. 

Most fishes have an air-bladder below the spine, which they can 
compress or dilate at pleasure and thus can either rise up or sink in 
water. 


118. The Submarine. — The principle of the ‘Cartesian Diver* is 
applied to the submarine (Pig. 68). It can float on the surface of the 
sea like an ordinary ship or sink when necessary. It is supplied with 
large ballast tanks T both in the stern and bow, which can be filled 

with water or with air from com- 
pressed air reservoirs within the 
ship. When water is taken into 
the tanks (which are provided with 
trap-door), the weight of the boat 
is so increased as to make 



Fig. 68. — Submarine. 


the vessel sink, and when the 


water is pumped out of the tanks by pumps worked by compressed 
air, the ship is made so light that it rises to the surface. Thus, by 
emptying or filling the tanks, the mass of the ship is so varied and 
controlled that the ship is made to rise or sink as desired. 


The act of filling or emptying the tanks can be done very quickly. 
Moreover, the ship can be kept steady at any depth by the help of the 
vertical rudder R and other horizontal rudders not shown in the figure. 
The Conning tower C in which a periscope is fitted. always projects 
above the surface of water so that objects plying on the surface of the 
water may be viewed from within the boat. 

119. (a) Density of Ice, — The density of ice ,can be deter- 
mined by preparing a mixture of water and alcohol in such a propor- 
tion that when a piece of ice is placed ifi it, the ice will neither sink 
nor float but will remain anywhere within the liquid being completely 
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immersed. The density of iee is then equal to that of the liquid 
mixture, and it can be found by means of a hydrometer (see Art. 120). 
Its value is about 0‘92 gm. per c.c. 

(b) Density df Wood, Wax, etc. by Flotation. — Take a rectangular 
block of wood, whose length is l cm. and whose 
area of cross-section is < sq. cm. (Fig. 69). 

The volume of the block = /< c.c., and the 
weight of the block grams, where d is the 

density of wood ... ... ... (l) 

Float the block vertically in water, and measure 
the depth ( h cm.) to which it sinks. Then the 
volume of water displaced = ft* c.c. 

The weight of the displaced water* ft* grams 
(V the deijsity of water is 1 gram per c.c.) and Fig. 69 

this is equal to the weight of the block, according to the law of 
flotation, Z * (Z = ft * 

ft _ length immersed in water. 

° r ( l total length 

N.B. The method applies to other materials also , such as wax etc., 
which can he cut in the form of rectangular-blocks . Only a metre 
scale is sufficient and a balance is unnecessary in this method . 

Example — l. A hollow spherical hall has an internal diameter of 10 cm . and 
an external diameter of 12 cm. It. is found just to float in water . Find th s density 
of the material of the hall . ( The volume of a sphere varies as the cube of the 

diameter). (0. V. 1928 ; Dac. 1933.) 

Let F* volume of the sphere, and diameter of the sphere.. 

Then F^Z 8 ; • *. F* /.v7 3 , where K is a constant. 

The internal volume of the hollow ball *= K (10) 3 *1000 K c.c., 
and the external volume “If (12) 3 = 1728 K c.c. 

The volume occupied by the actual material of the ball 
* 1728 X- 1000 If =» 728 K c.c. 

As the ball is found just to float in water, the mass of the ball* the mass of 
the displaced waters volume of the displaced water X density of water* 
1728K x 1 = 1728 X gm. 

. ‘ . The density of the material of the ball 

_ mass of the ball 

•volume occupied by the actual material of the ball 



1728 K 
728 If 


2’37 gm. per c.c. 
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2. A cylinder of won of specific gravity 7 '86 and volume 200 c.c. floats on 
mercury. Calculate the volume of mercury displaced. Calculate also the volume of 
mercury displaced by the iron t when water is poured cm the top of mercury to cover the 
iron completely . , {Bp. gr. of mercury = 13‘ 6). 

-If Fbe the volume of mercury displaced in the first case, we have, mass of 
mercury displaced « mass of iron ; or Fx 18*6 * 200 x 7*86 ; .*. F* 116*59 c.c. 

If V 9 be the volume of mercury displaced in the second case, 
the volume of water displaced * (200 - F'jc.c. 

So the mass of water displaced* (200— V 9 ) x 1 gm. ; and 
mass of mercury displaced* (V 9 x 13’6) gm. ; mass of iron* 200 x 7*86 gm. 
We have, mass of mercury displaced + mass of water displaced * mass of iron 
or (F'x 18*6) + (200- F') x 1« 200 x 7‘86 ; 

126 F'- 200(7*86- 1)- 200 x 6*86 ; .\ F'-108*9c.c. 

3. A block of wood of specific gravity O' 85 floats in water. Some kerosene of 

specific gravity 0 82 is poured on the surface of water until the wooden block is 
completely immersed. Calculate the fraction of the block lying below the surface of 
water . * 

Let V be the volume of the block in the kerosene and V 9 the volume below 
the water surface. 


So the total volume of the block = F+ F'. Wt. of block = (F+ V')x 0*86 


The upthrust in kerosene * wt. of F c.c. of kerosene = 0*82 F gm. 

The upthrust in water * wt. of V 9 c.c. of water - V 9 gm. 

Total upthrust * (0*82 F + V 9 ) * wt. of the block * ( F+ V 9 ) x 0*85 
0*82 F+ V 9 - 0*85 F+ 0*85 V' 

Y l Y _i l 

or V " 5 ; or Y'+V " 1 +5 " 6 • 


Hence l/6 of the block is below the water surface. 

4. A body of density 8 is dropped gently on the surface of a * layer of liquid of 
depth d and density (&' bcinq less than 8). Show that it will reach the bottom of 

the liquid after a time\/ - g being the acceleration due to gravity. (Pat. 1931) 
y 9\ b ~<>), 

If m be the mass of the body, the volume of the body *m/o, which is also 
the volume of the displaced liquid. So the weight of the displaced liquid 



g y which is the upthrust acting on the body. - 


The force tending to bring the body down in the liquid * mg , the weight of 
the body, and the upthrust is mg (5'/s)> Hence the resultant downward force 
—mg( 1 — if I B) * mass m x acceleration / with which it is going down the liquid^ 


/w\ 
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But we know that if d be the distance travelled in time ; 


y 9 m _ %dS 
sr(J-a') ’ 


V ff(s-s') 


5. A body of of specific gravity 2 605 is dropped gently on the surface of a salty 

lake (sp. gr. l m 025) If the depth of the lake be a quarter of a mile , find the time the 
body takes to reach the bottom. (Pat. 1941). 

If m be the mass of the body, the volume of the body 1 * w/2‘505* the 
volume of the displaced liquid. 

So, the weight of the displaced liquid* ( , m - x 1*025 

\2’505 / ' 

= the buoyancy, or the upthrust, acting on the body. 

The force tending to bring the body down in the liquid ®*wy/, the wt. of the 
body. 

Hence the resultant downward force 

Xl ' 025 ) ff = '" !? ( 1 '2-505) “"** S 

* mg x acceleration / with which the body is going down the liquid. 

" ' t"* 9 * Hut if ^ be the distance travelled in time t, d**ift 2 (the 

initial velocity u being zero.) ; 

• n i 2 2(1 2 x (440 x 3) X 2*505 4468*59 , 66*8 

01 ‘ " / ■ ' m«5 

6. A toy man weighs 150 gms The density of man is 112, that of cork O' 24, 
and that of water 1+ What weight of cork must be added to the man that he may just 
float in water. 

Let W be the wt. of cork required, then volume of cork* 8 ,^c.c. 

0*24 

Volume of inan*«~^ c.c. Their total volume* 8 ^c.c. 

The man and cork will just float in water when their total weight is equal 
to the weight, of wafcer displaced by them. 

Hence the volume of displaced water* 

and this is equaSl to the total volume of man and cork. 


150 W 

m + <m“ 160+W7 ; 


or W = 5’075 gms. 
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7. A cylider is 2 ft. high and the radius of the base is 3 ft. ; its specific gravity is 

0*7. It floats with its axis vertical. Find (a) how much of its axis will be under 
water , (6) the force required to raise it 1 inch ! (Pat. 1980} 

• 99 8Q6 

(a) Volume of the cylinder = — x (3) 2 x 2 = -j- = 56*571 cu. ft. 

t 7 7 

« ... . , . .. , wt. of 1 cu. ft. of the substance A ._ 

Sp. gr. of the substance of the cylinder = - - ~ 0 7 ; 

Da 5 

• Mass of 1 cu. ft. of the cylinder = 62 *5 x 0‘7 ; 

• Mass of the cylinder = 62*5 x 0'7 x 56*571 lbs. 

This is equal to the mass of water displaced by the cylinder. 

. .. . . . a . , , 62*5 x 07 x 56*571 

• • Volume of water displaced = — - - -r • - 

b2 5 

= 07 x 56*571 cu. ft. --volume of the cylinder under water. 

Area of the base of the cylinder = ir x 3 2 = x 9 = ft. 

i 7 a 

56*571 

.*. Length of the axis immersed = (07* x 56*571)-+-' — = 1*4 ft. 

(b) Force exerted by the cylinder = wt. of the cylinder 

= 62*5 X0*7X 56*571 lb.-wt. 

( 1 \ 7*9 

When the cylinder is raised 1 inch, i.r. when I 1*4— — ) or — ft. of its 

\ 12 / 6 

axis is under water, the buoyancy of water - wt. of the water displaced = 62*5 x 
vol. water displaced in cu. ft. = 62*5 x vol. of cylinder immersed 

*o-r / 56*571 7'9\ „ 

= 62 5 xf -- - x ^ J lbs.-wt. 

But the buoyancy when the cylinder was floating with 1*4 ft. under water 
= 62*5 X 56*571 x 0*7 lbs.-wt. •*• The force required to raise the cylinder 
by 1 inch 

56*571 7*9 

= 62*5 x 56*571 x 07 - 62*5 X — — x — 

« 2 b 

' = 62*5 x 56-571 ^07- J-,®) « 147‘82 lbs.-wt. ; or = (14 , ?-32 x 32) poundals. 

8. A solid displaces ), and % of its volume respectively when it floats in 

three different liquids. Find the volume it displaces when it * floats in a mixture 
formed of equal volumes of the aforesaid three liquids. (Pqit. 1943) 

Let Fbe the volume and d the* density the solid, and let d x , d a , and d 3 , be r 
Jfce densities of the three liquids. 
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When a body floats, its volume x its density = the volume immersed x density 
of the liquid. We have, (i) Vd= V/2 x d t ; or d x = 2d. (ii) Vd'= V/3 x d 2 *» 
or r/ 2 = ; (Hi) Vd — F/4 x ; or - 4<7. 

The mixture is formed by taking, say, ?’ e.c. of each liquid, then the 
total volume = 3 v c.e. and its total mass = v(d 1 + d 2 + 1 /* 3 ) = v(2d + dd+ id) — 9 vd. 

Density of the mixture — ^ n ^ - SS - = = 3d. 

volume ov 

Now. if ar e.c. be the volume of the mixture displaced, we have, Vd~X x 3 d ; 

or .t- , i.c. it displaces J of its volume, 

o 

9. A cylinder of wood, whose specific gravity in O' 25, has another cylinder of 
metal (specific gravity 8'0) attached to one end. The cylinders are 2 in . in diameter , 
they have the same avis , and aie respectively 20 in. and 1 in. long If the whole is 
placed m water. find how much of it will be above the surface . [C. U . 1935). 

Volume of wood = v x l 2 x 20 — 20/r cu. in. ; Volume of metal - v x l a x 1 = 

v cu. in. ; 


Their total volume = 20* + ir = 21* cu. in ; Sp. gr. of wood = 0*25 ; 

■ Mass of 1 cu. ft. of wood = (62’5 X 0*25^ lb. Hence mass of 20jt cu. in. 

of wood - x 62*5 x 0 25 ^lb. ; So mass of metal = ^ 1^2$ x 62*5 x 8^1b. 

, Their total mass = j (5 + 8) } lbs. 

y l i 28 » 


This is equal to the mass of the displaced water, whose volume = fr’X I s x h x d 




ir x 62 ’5 
1728 


x;^ = 


* x 62*5 
1728 


X 13 ; 


or h — 13 inches. 


Hence the height above the surface - 21 - 13 — 8 in. 

120. Principle of Hydrometer. — Different methods for the 
accurate determination of the specific gravity of a liquid are given in 
Art. 122, but for commercial purposes none of these methods is quite 
suitable. For thefte purposes we need a method which should be 
simple and quick although the results may not be very accurate. 
Thus instruments, called Hydrometers , are used, which depend 
upon the principle of flotation, i.e. when a body floats in a liquid the 
Weight of the body is equal to the weight of the displaced liquid. There 
are two types of hydrometers in use. • One is called the Variable- 
Immersion (or constant weight) type; and the other the Constant 
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Immersion (or Variable weight) type. In the former case, the volumes 
of liquids* displaced vary in different liquids, while in the latter 
volumes are kept constant. In practice, however, the yariable Immer- 
sion type is used.* 


The Variable Immersion Hydrometer. — The principle of this type 
*of hydromet e r may be understood by taking an ordinary flat-bottomed 
uniform test tube T (Pig. 70) and loading it with a 
suitable amount of sand or lead shot so that it floats 
vertically in a liquid. Paste inside the test tube a strip 
of mm. squared paper, marked off in centimetres mea- 
sured from the bottom, and close the tube with a cork. 
Now float the tube in a jar of water and observe the 
depth immersed {d x ). Take out the tube, wipe it and 
float it in a jar of a different liquid. Again observe the 
depth immersed (< d 2 ). 

Let IF be the weight of the hydrometer, i.e. the test 
tube with load, a, its area of cross section, and d the 
density of the liquid, then, since the weight of the hy- 
drometer is equal to the weight of the displaced liquid in 
each case, 

70 . we k ftve » W— or dll (or sp, gr.) 

*=a 1 /d a . Since d x ld 2 is a ratio, the depths can be measured either in 
inches or in centimetres. 


The experiment can be varied with different amount of lead shot in 
the tube and a graph can be drawn with h x and h 2 . [Vide Art. 122 (2)] 

Examples. 1 . The density of sea-water is 1 025 gm . perc.c ., and the density of 
tee ts 0 917 gin . per c.c. Find what portion of an ice-berg is visible above the water 
surface , when it is in sea- water, and when in fresh water . 


Let v be the volume of ice immersed, and V the total volume of ice. 

Then (V- v ) is the volume which is visible above the surface of the s 

, We have, from Art. 115(b), - " = .^nsitv of ice _ ^0'917 . 

* * density of sea-water 1’025 ' 


1 - 


V-y 
V ' 


P025 - 0‘917 
1*025 


; 0 IW§ _ » 1 * 

’ 1*025 *9*5 ‘ 


* Therefore the portion of the iee-berg which is above the water surface is 
-1/9*5 of the total volume, / 
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In fresh water, the density of which is 1 gm. per c.c., we have, 


V— v 

1 


1-0*917 . 0*083 _ 1 

11 12 


(approx.) 


2. A variable immersion hydrometer is prepared by taking a test-tube about 15 
cm$. long and 3 an. wide. The test-tube which % s assumed to 'have a uniform cross- 
section is weighted with a few lead shots to make it float upright . A narrow piece of 
graph paper is pushed into the test tube to serve as a scale. Tfie tube is then placed 
in glycerine of specific gravity 1 25 and then it is placed in water. The scale reading , 
which increases upwards } is T 6 cm. for the level of the glycerine surface and 2 8 cm. 
for the level of the water surface The scale reading , when the test-tube is placed in a 
solution of copper sulphate , is 2‘ 5 cm. What is the specific gravity of the latter t 

Let V be the volume of the portion of the test-tube below the zero mark 
and V' the volume of 1 cm. of the tube. Then 


In glycerine the immersed volume = (F+ 1*6 F'Jc.c. 

■ The upthrust in glycerine - wt. of this volume = 1*25 (F+l*6 Y) 
Similarly the upthrust in water — 1 x (y+2’87 7 ) 

Since each upthrust — wt. of the test-tube ; Y+ 2*8 V f = 1*25 x (y+ 1*6?0 
or 0*25 V“ 0*8 I* ; or F=3*2F'. Again, if S be the sp. gr. of the copper 
sulphate solution, 8( V+ 2*5 Y) - (F+ 2‘8F) 


V+2'hY _B'2 Y+ TSY 6 
F+2*5y' 3*2F'+2*5y' 0*7 


8— 1*05. 


(Note that this example explains the principle of preparing and 
graduating a variable immersion type of hydrometer.) 

3 . The stem of a common hydrometer is cylindrical, and the highest graduation 
corresponds to a specific gravity TO and the lowest to 1‘3. What specific gravity * 
corresponds to a point exactly midioay between these divisions ? {Pat. 1944) 

Let L be the total length of the stem from the lowest to the highest gradua- 
tion, a the area of cross-section of the stem, V the volume of the bulb up to 
the lowest graduation and W the weight of the hydrometer. Then 

(Y + la) x 1 — W, and Y X 1*3 = IF ; ... ... ... (1) 

V + 2a = 1’3Y ; or 0*3 V = la ... ... ... (2) 

Again, (V + 2/2 x a) W, where 8 is the required sp. gr. 

or from (l)and (2), (V + ^V)6’= 1*3V ; or 5 = — - = 1*13. 

121. Sp. Gr. of Solids. 

(1). By Direct Measurement— In the case of a solid having, 
some regular lorni {e.g. spherical or cylindrical), the volume of the solid 
can' be calculated by measuring its linear dimensions. The body . is 
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then weighed. Let the weight of the body be W gm., and let its 
volume be F c. c., then 



Pig. 71 


density of the body * W/V gm, per c.c., 
andsp.gr. „ -W/V. 

• (2) By Hydrostatic Balance. — 

• (a) Solid heavier than water. 

Let the weight of the solid in air*Wi gm. 
and the wt. in water* W 2 gm. 

To take the weight of tho body in water, it is 
suspended by means of a fine thread from the hook 
of the left pan and made to sink completely in 
water contained in a beaker. The beaker is placed 
on a small wooden bridge, which is put across 
the pan in such a way that the bridge, or the beaker, 
does not touch any part of the pan of the balance 
(Pig. 71). 

The weight of the same volume ' of water = 
(W x - W 2 ) gm. 


wt. of the body in air W ^ 

wt. of an equal volume of water W x - W 2 

(b) Solid lighter than water. 

Let the weight of the solid in air* W A gm. 

Take another heavy body, called a sinker , such that two tied 
together will sink in water. 

Let the weight of the solid and sinker both in water = W 2 gm. 
and the weight of the sinker alone in water = W 3 gm. 

The weight of solid in air + the weight of sinker in water — 
the weight of solid and sinker in water* the weight T>f water whose 
Tvolume is the same as that of the solid* (W x + W 3 - W 2 ) gm. 


Hence, 


Sp. gr. 


Ft 

w ± + w s - w 2 • 


Otherwise thus : — 

t wt. of the solid in air* W x • 

wt. of solid in air + sinker in water -r= W 2 
wt. of f olid and sinker both in water* W 9 
.’ . wt. of displaced water * W 2 - W 9 
W x 
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(c) Solid soluble in water. —The specific gravity of a solid 
soluble in water can be found by immersing the solid in a liquid of 
known specific gravity, but in which the solid is insoluble. . 

Determine ihe specific gravity of the solid relative to the liquid. 
Then the actual specific gravity of the solid will be obtained by multiply- 
ing this value with the specific gravity of the liquid. For, we have.i 


Sp. gr. of the solid — 


weight of solid in air 

weight of the same volume of water 


weight of solid in air 

weight of the same volume of liquid 


weight of the same volume of liquid 
weight of the same volume of water 


weight of solid in air 

weight of the same volume of liquid 


x sp. gr. of the 


liquid = 


W t 

w x -w 2 


xp. 


where Wi = wt. of solid in air; W 2 = wt. of solid in the given 
liquid ; p — sp. gr. of the liquid. 


(3) By Specific Gravity Bottle.— It is a glass bottle fitted with 
ti ground glass stopper having a narrow central bore. 

, The bottle is filled to the top of the neck with any 
liquid, and the surplus liquid overflows through the hole 
in the stopper when the stopper is pushed into its 
position (Fig. 72). Shake the bottle to remove air 
bubbles. The liottle holds a definite quantity of 
liquid. This bottle is used to find out the specific 
gravity of a solid in the form of powder or small 
fragments , and of liquids also. 

Let the weight of the empty bottle = W X gm. 

The weight of th$ bottle + powder put inside 
" W 2 gm. Fig. 72. 

The weight of the powder 88 (W 2 ” W ± ) gm. Specifiic 

. The weight of the bottle + powder + water to fill gravity 

the bottle -W 3 gm. bottle - 

Now throw out the contents of the bottle and fill it up with 
pure water taking care to dtfve out air bubbles from inside. 
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tat the weight of the bottle full of water* W t gm. 

Then the weight of an equal volume of water 

-(W^-WxMWs-Wjgm. 

_ _ • W t -Wi 

H ““. Sp - fi»,-f 1 Rw,-w;r 

N. B. To determine the specific gravity of a powder soluble In* 
water, a liquid is taken in which the solid does not dissolve or 
chemically act. Then the Sp. gr. so found is multiplied by the Sp. 
gr. of the liquid at the observed temperature. 

(4) By Nicholson s Hydrometer — This is 
a constant immersion type hydrometer. 

It consists of a cylindrical hollow vessel A 
to which is attached a thin stem B at the top of 
which there is a small scale-pan C (Fig.73). Below 
the vessel is attached, by the curved metallic 
hook I ), a conical pan which is so weighted with 
lead shots or Hg. that the hydrometer may float 
vertically in a liquid. Tliero is a scratch mark 
on the stem up to which the instrument is 
always mado to sink in the liquid. The hydro- 
meter is placed in water contained in a glass 
cylinder. A slotted card board (left hand figure) or 
a bent wire (right hand figure) is so placed across 
the mouth of the cylinder that the upper pan is 
arrested before sinking into water in the cylinder. 
All the points in the hydrometer are air tight. Weights are placed on 
the upper pan of the hydrometer to make it sink uj to the mark on 
the stem. Let the weight be W, gm. 

Remove the weights and place the solid on the upper pan. Add 
weights again on the upper pan to make the instrument sink to the 
mark. Let it be W 2 gm.. JThen the weight of the body in air*= 
(Wi-W,) gm: 

Now remove the weights and place the body* in the lower pan, 
which is in water. 

Again, find the weights necessary to bring the hydrometer up to 
the mark. Let this weight be W 8 gm. 

Then the weight of the body in water *(Wi - W 8 ) gm. , 



Fig. 73. — Nicholson’s 
hydrometer 
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The freight of dieplaoed water — ( W 1 ** W*) - ( Wi - W,) gm. ■ 

-(W 8 -W 9 ) gm. 


Sp.gr.- 

i» 


Wi 

W 8 



[Note,— It is evident that the method depends on Archimedes’ 
principle. 


If the solid be lighter than water, tie it on to the lower pan and 
proceed exactly as above I 

122. Specific Gravity of Liquids. — 

(1) By Balance.— jj 

Let the weight of a solid body, which is heavier than . 

the liquid but which is not chemically acted upon by it 2 

Wjl gm., and the weight of the solid immersed in : 


water =W 2 gra. ; and that in liquid «W 8 gm. 

Then (W x - W 8 ) represents the weight of a volume of 
liquid equal in volume of the solid ; and (W x — W 2 ) is 
the weight of the same volume of water. 


Sp gr. 


W x -W 8 

w x -w a - 


(2) By Common (or Variable Immersion) Hydro- l II) 
meter — This is a glass instrument (Fig. 74) which floats B 
vertically in different liquids with parts of the stem above 
the surface of the liquid. In order that the instrument Fig* 74 — 

may float vertically, the small lower bulb B contains Common 

mercury or lead shot. The weight of the liquid displaced . hydrometer, 
by the hydrometer is equal to the weight of the hydrometer itself, 
which is always constant. But mass = volume x density ; hence mass 
being constant, volume is inversely proportional to density. So the 
volume of the liquid displaced increases as the density of the liquid 
diminishes, hence it sinks deeper into the lighter liquid than into the 
heavier one. The stem S can thus be graduated so that the specific 
gravity of a liquid can be read ofl directly. The number of the division 
on the scale fixed in the tube, whioh is in level with the surface of the 
liquid, gives the specific gravity of the liquid. 


(a) Graduation of a Common Hydrometer. — To graduate the 
1 instrument float it in water and put a mark on the stem whioh is in 
, line with the surface of the liquid; and similarly put another mark 
on the stem when it is floated iu another liquid of known density ( d ). 
Let the lengths of the stem exposed above the surface of the liquid in 


10 
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the two cases be l ± and Z 2 respectively, Then, if IF be the weight and 
F the volume of the whole instrument, and a the area of cross-section 
of the stem, we have 

W * (F- l ± a) x 1 — (F- Z 2 a) x d , the density of water being 1, 
:.h= ‘-(7-»Tn and h = y) ; °r f 


Now, if l b§ the length of the stem exposed in a liquid of density 
d we have 


U-l 




■ { lzlx b L' 1/(,/ 

1 1 2 Z i ) 1 “ 1 / d 


For different values of ^Z'the corresponding values of Z can be cal- 
culated from the above relation and the instrument can thus be 
graduated. 


It is so graduated that, when the hydrometer is put. into water, 
the scale reading is 1000, which means sp. gr. = 1*000. In another 
liquid it might be 1210, i.e. the sp. gr. = 1*21. 

This typo of hydrometer is generally used in different industries 
for finding the densities of liquids, and these hydrometers are named 
according to the use to which it is put ; for example, it is called a 
lactometer when it is used to find the density of milk (which is 
generally between 1*029 and 10c3), an alcoholimeter when used to 
find the density of alcohol, and a sacharometer to determine the 
sugar content of a solution. 

The determination of density by means of a lactometer, however, 
iB nob a conclusive test as to the purity of the milk, for the density of 
skimmed milk is less than that of unskimmed milk, so by adding 
water to the skimmed milk the density can be brought to its normal 
value. So the amount of fat should be determined along with density 
in order to test the quality of the milk. 

(3) By Nicholson’s Hydrometer.— 

In this experiment the principle that a floating body displaces its 
own weight df the liquid in which it is floating is utilised by immersing 
the hydrometer each time up to the same index mark in the liquid 
and in water. 

Let the weight of the hydrometer - W 1 gm. 

It is then floated in the liquid contained in a, glass cylinder 
and weights are added on the upper pan to make it sink up to the 
•mark. Let this weight -W 2 gm. 
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.* . The total weight of the displaced liquid *(Wi+W fl ) gm. * 

Similarly, let the weight required on the upper pan to bring it up 
to the mark when placed in water = W 8 gm. 

The weight of the displaced water, whose volume is the same 
as that of thq displaced liquid = (W t + W*) gm. 


o _W X + W 2 
SP - f? r - Wi+Wg’ 


(a) Alternative Method (without using a Balance). — A piece 
of solid is taken which is not soluble in the liquid and also which will 
not react chemically with it. 


Let the weight required on the upper pan to sink the hydrometer 
in water up to index mark when the solid is placed on the 
upper pan = IV ^ 

The solid is then placed in the lower pan and let the wt. required 
to sink the instrument up to the mark= W 2 

Then - 1^) = wt. of the same volume of water as that of the 
solid = volume of the solid (V Sp. gr. of water « 1) 

Similarly let W 3 and W 4 be the corresponding weights when the 
above operations are repeated in the given liquid, then 

(W 4 - wt. of the same volume of the liquid as 

that of the solid. 


Sp. 


gr. uf liquid = 


W 4 - TF 3 
W 2 - W 1 ’ 


(4) By Specific Gravity Bottle.— 

Let the wt. oE empty bottle = Wi gm. 


It is then filled completely with water and weighed. Let this 
weight be W a gm. 


The bottle is emptied out and carefully dried. It is then filled 
with the liquid. Let the weight be W 3 gm. Then 


Sp. gr. = 


W 8 

W a 


wr 


(5) By Balancing Columns. (U-tube ) — The densities of two 
different liquids, which do not mix, nor have any chemical action with 
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each other, can be determined by pouring them one after another in 
a U-tube. 

Take a. U-tube of glass and pour first the heavier of the two 
liquids taken, (say mercury and water), and note that the liquid 
’(mercury) attains the same level in both the limbs 
(Fig. 75). Now carefully pour some water into the 
left-hand limb. The weight of water pushes the 
mercury down in the left limb and up in the right 
limb. Let 0 be the common surface of separation 
of mercury and water. Consider the horizontal level 
AC. The pressures at these two points must be 
equal because the liquids are at rest, and so the two 
columns AD and CL are called balancing columns. 

Now, press, at A = force exerted on unit area at A 

= P + wt. of the column AD of 1 sq. 

cm. base 

= P + volume of the coltftnn AD of 1 
sq. cm. base x density x g 
= P + h x x p x x g ; where P = atmos- 
pheric pressure, h^AD, = density of mercury, 
and g is the acceleration due to gravity. 

Similarly, press, at C^P + h 2 P 2 Q ; 

where h 2 - CL , and p 2 = density ot water. 

P + fe 2 P a q-P + hx Pi g ; or , li 2 P a = Pi ; 


That is, the heights of balancing columns are inversely proportional 
to the densities of the liquids . 

In this case, P L lp 9 is the ratio of the density of the liquid Uner- 
cury) to the density of water, ix. it is the sp. gr. of the liquid. 

(6) By Hare’s Apparatus. — The above U-tube method can be 
applied when the liquids do not mix , but the liquids which will mix 
must be kept separate, and in that case the following method, which is 
merely a modification of the U-tube method described above, can be 
.'adopted. By this method the relative densities of two liquids can be 
determined by balancing two liquid oolumns against each other. 




m 




Fig. 75— 
Balancing 
columns. 
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Hares apparatus eousists of two parallel vertical tubes M and N 
, connected at the top by a three-way tube A fitted with a piece of 
india-rubber tubing B and a clip P (Fig. 76). It is merely an ' inverted 
U-tube with a *side tube at the top. The lower end of each tube is 
dipped in a liquid contained in a beaker x or y . The liquids are drawn 
up to suitable heights by sucbion through 0 and are*kept steady by 
pressing the clip P. Generally water is taken as one of the liquids. 

Let h x and h 2 be the heights of the liquid 
columns having densities p± and p 2 respec- 
tively. The height in each case is measured 
from the surface of the liquid up to the 
lower meniscus of the top. Let, 

P — the atmospheric pressure. 
p = the pressure of air inside the tube. 

The pressure jbt A = P*=g p x h 1 +p. 

The pressure at B = P = q P 2 h 2 +p ; 

V + Q Pi h i = P + Q P 2 h 2 ; 

or h ± Pi = h 2 p 2 ; 


V! - 

hq Pi 

That is, the densities are inversely as the 
heights df the liquid columns . 

Knowing one of these, the other is known. 

Note, (i) It is to be noted that though cross-sections of fife tubes 
do not come into •consideration, the tubes should be of moderately 
wide bore in order to avoid the effects of surface tension. If, how- 
ever, there is any rise of the liquid column due to capillarity, 
this should measured and subtracted from the corresponding height, 
(ii) Both the tubes may not be of the same bore, as pressure 
depends only on the vertical height, (iii) It should be tested whether 
the tubes are vertical, (iv) Take the heights after the liquid columns 
are steady which w 9 ill not be the case if the apparatus is not air tight, 
-(v) Draw a graph with h x and h 2 (which should be a straight line) and 
calculate hjh 2 corresponding to the highest point in the graph. 

Ezatftples. — (I) The cross-sections of two limbs of a U-tube are 10 sq. crn . and I* - 
sq mm. in area respectively. The lower part of both tubes contains mercury { sp . gr. 
18 6) What volume of water must be poured into the wider tube to raise the surface of 
mercury in the narrow tube 1 cm. ? (Pat. 192$ 



Fig. 76 . — Hare’s 
Apparatus 
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The area of cross-section of the wider tube is 10 sq. cm., and that of the 
narrow tube is 0*01 sq, cm. 



In. Fig. 77, let A and B be the original positions of 
mercury levels in the two limbs, and 6 and E the final 
positions. Let C and D be in the same horizontal level. 

The volume of mercury raised in the smaller tube 
must be equal to the volume of (A C x 10) c.c. of water. 
. EB x its area = AC x its area ; 

or, 1x0*01 - AC *10; or, AC = *01/10 cm. 

But AC = Bl). ED = 1 + *01/10 =1*001 cm. 

The press, at C = the press, at D. 

or, FCx 1 x g = 1*001 x 13*6 x g, (density of water = 1) 


Fig. 77 .*. FC = 1 001 x 13*6 = 13*6136 cm. 

The volume required - 13*6136X10 - 136*136 c.c. 

(2) Mercury ( denstiy 13 6) and a liquid which does not mix with water are 
placed in the limbs of a U-tube, and the surfaces of the mercury and the liquid are 
at B and 86 cm. respectively from their common surface. Find the density of the 
liquid . What change, if any, would l be produced if the U-tube is immersed ivholly 
in water so that it enters into both the limbs of the tube ? (Pat. 1938). 

As in Art. 122(5), P+ hi Pi g~P+h fi p 2 g, where P is the atmospheric 
pressure, cm. ; p^lS‘6 ; h 2 ~ 28 cm. ; and p 2 the density of the liquid. 


p 2 x 28 — 3 x 13*6, whence p 2 “ ^ 1*457. 


When the I) -tube is immersed in water, the height of water in the limb 
above D (Fig. 75) will be greater than that above L ; so the pressure above D 
being greater, the mercury column will be depressed a little and the liquid 
column will be raised up. 1 


123. Temperature Correction. — In the above experiments the 
specific gravity of the substance has been determined relative to water 
at the room temperature, but true specific gravity can be obtained by 
taking water at 4°C. If, however, the water is taken at the room 
temperature £*C., the true specific gravity of the substance would be 
given by tlie product of the actual value of sp. gr. obtained by 
experiment at £°C. and the sp/ gr. of water at t* C. For the true 

s ex at *°C _l we feht of any volume of a substance 

sp. r. a . weight of an equal volume of water at t°G. 

x we tebt of t h e sam e y olume of wa t er at t°C. 

1 1 »■ it ut 4 C. 

sp. gr. of the substance at t*C. x sp. gr. of water at fC. 
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(N.B. — In the O.G.8. units density is numerically equal to sp. gr,) 

Examples. — 1 . Given a body A which weighs 7 55 gm. in air , 5' 17 gm . in water, 
and 6' 35 g m in another liquid B, calculate from these data the density of the body A 
and that of the liquid 13. 


Wt. of .4411 air — 7*55 gm ; wt. of A in water — 5*17 gm. 

Wt. of the same volume of water — (7 55 — 5*17) y 2*38 gm. 

7*55 

Hence, volume of A “2*38 c.c. . Density of A** -r- =8*17 gm. per c.c. 

2 38 

Again, loss of wt. of A in B — (7*55 - 6*35) — 1*20 gm. 

Hence, 1*20 gm. is the wt. of B whose volume is the same as that of A, 


which is 2*38 c.c. 


Density of B 


1*20 

2*38 


0*5 gm. per c.c. 


2. A piece of metal weighs 100 grams in air and 88 grams in water. What 
would it weigh in a liquid of specific gravity 1*5. (C.U. 1915) 

The weight of the volume of water equal to that of the solid = 100 - 88 ■“12 
grams. Volume of the body = volume of the displaced water = 12 c.c. 


Sp. gr. of the liquid 


wt. of 12 c.c. of the liquid 
wt. of 12 c.c. of water 


wt. of 12 c.c. of the liquid 
12 : 


1*5. 


.*. The weight of 12 c.c. of the liquid = 12 x 1*5*= 18 grams. Hence, the 
apparent weight of the body in the liquid = 100-18 — 82 grams. 

3. .A test tube is loaded with shot so that it floats in alcohol , immersed to 
a mavk on the tube ; the tube and shot 'weigh 1 7'1 gins* The tube is then placed 
in water and shot added to sink it to the same mark ; the tube and shot 
now weigh 20' 3 gms. Find the specific gravity of alcohol. (Pat. 1922) 

The wt. of displaced alcohol whoso volume is equal to that of the test tube 
up to the mark= 17*1 gm., and the wt. of the same volume of displaced water 
= 20*3 gm. 

9 17*1 

Hence, sp. gr. of alcohol = ~ = 0*84. 


1. A lump of gold mixed with silver iveighs 20 grams. The specific gra- 
vity of the lump is 15. Find the quantity of gold in the lump . (Sp.gr. of 
gold**19'3 ; sj>^ gr. of silver 9 " 10' 5). 


Let W x be the weight of gold in the lump, and W a that of silver in the lump. 
The volume of gold — Wjl9’8 c.c. ; the volume of silver— W a /l0*5 c.c. 

The weight of displaced water, when the lump is weighed in water, is 

tfi ^ w 2 


\ie*3 io*5/; 


gms. 


mi * ^ i weight of the lump in air 

The sp. gr. of the lump— — -r-r- s rJ r \ — i — ; — \ 
r weight of displaced water 


or 15 ■■ 


20 


Fi 


10*3 10*5 
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or, 10*6 W t + 19'8 W 2 ~ 270*2 ; and IV® x + TV* -20 gms. whence 

T^-18-lgm. 

5. A sphere of iron is placed in a vessel containing mercury and water . Find 
out the ratio of the volume of the sphere immersed in water to that immersed itt 
mercury ( Density of mercury • J3'6 ; density of iron » 7*6 ; density cr/ water® I.) 

Let V-l c.c. be the volume of the sphere immersed in mercury, “and V 2 c.c. 
the volume immersed in water. 


Then, the wt. of displaced mercury — F x x 18*6, and that of displaced water 
" V 2 x 1 . Now, wt. of displaced mercury + wt. of displaced water® wt. of the 
ironsphere ;i.e.-F 1 xi 8 , 6 +F a -(V r 1 +F 2 ) + 7 , 8; or, ^(lB’e-?^) 

«F S (7*8-1). 


Hence, 


F^_18’6-7J8 ^29 
V ± “ ~7*8-T -h' 


6 . A mixture is made of 7 c. a of a liquid of specific qravity 1'85 and 5 c c of 
water . The specific gravity of the mixture is found to he T615 . Determine the 
amount of contraction . (C. U. 1927) 


Mass of 7 c. c. of liquid of sp. gr. 1*85 — (7 x 1*85) — 12*95 gms. 

Mass of 5 c. c. of water* 5 gms. .*. Mass of the mixture* 17*95 gms. 


-it i - ,, . . mass 17 95 

Volume of the mixture* j — r - * - .-r— *= 11 11 c. c. 

density 1 615 

Hence the amount of contraction = (7 + 5) - 1 1*11 - 0*89 c. c. 

7. A piece of metal weighing 20 gms, has equal appoint weight with a piece of 
glass , when suspended from the pans of a balance and immersed in water. If the water 
m replaced by alcohol (density O' 9), 0 84 qm must be added to the pan from which 
the metal % s suspended in order to restore equilibrium . Find the weiqht of the glass 

Let wi*mass of glass, p—sp. gr. of glass, and d— sp. gr. of the metal. 

For equilibrium in water, we have, w- m =20 ... ( 1 ) 

p a 

and for equilibrium in alcohol, m - - m x 0*9 — 20 - "j x 0*9 + 0*84 ... (2) 

P « 

Multiplying ( 1 ) by 0'9 and subtracting it from ( 2 ) 
mXO’l® 20x0*1 + 0*84 ; -*• m® 28*4 gms. 

8 . A ship with her cargo sinks < inches when she goes into a river from the sea . 
She dischares her cargo ♦ while still on the rtver } and rises $ inches , and on proceeding 
again to sea she rises by another y inches . If the sides of the ship be assumed to be 


Vertical to the surface of water , show that the specific gravity of sea-water is 


J9 

7-or/B 


Let x inches® the length of the ship with cargo immersed when in 
sea-water before going into the river. 


then *+<, „ 

# 05+<-P „ 

ar4-< — p — 7 „ 


= the length immersed in river, 


„ § „ (without cargo) 
„ p sea (without cargo) 
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Now, if p * density of sea- water, and = density of river water, we have 
wt. of ship + cargo = paj — px («+<), and 
wt. of ship-cargo = p (® + * - p - 7) = Pl (a; + — / 3 ) 

So • pa? = p 1 (aj + <) ... (1) 

p(®+<. — p-7) » Pl Cr+*-p) ... (2) 

o * 3 

Substracting (2) from (1), p (7 - * + 0) «* Pl 0 ; . * . - — *= ■ — 

Pi 7“" t + l 3 


Questions 

Art ill. 

1. State Archimedes’ principle. How would you demonstrate its truth? 

(C. U. 1912, ’19, ’20, 24, ’35, ’39, 40, ’46, 47 ; Cf. Pat. 1919, ’23, ’81, ’86.) 

1(a). Describe an expt. to demonstrate the buoyancy of air. (Pat. ’46). 

2. Explain how Archimedes' principle may be used to distinguish a metal 

from its alloy. (C. U. 1922, ’16 ; Cf. Pat. 1928, ’82) 

[Hints. — Determine the density of the alloy and compare its value with 
that of the pure metal.] 

(a) Why it is easier to lift a heavy stone under water than in air ? 

(C. U. 1987) 

8. Describe a hydrostatic balance and explain clearly the principle on 
which the working of the instrument is based. (C. U. 1982) 

4. A beaker containing water weighs 300 gms., and a piece of metal 
whose volume is 10 c.c. and mass 88 gms. is immersed in the water, being 
suspended by a fine thread. Find (a) the upward force which must be applied 
to the thread to support the metal, and (b) the upward force necessary to 
support the beaker. (L. M.) 

[ Ana : (a) 78 gms.-wb. ( b ) 310 gms.-wt.J 

4. (a) A piece of iron weighing 275 gms., floats in mercury (sp. gr. 

■» 13*59) with 5/9 of its volume immersed. Find the volume and the sp. gr. 
of iron. (C. U. ’46) 

[Ana : 36*42 c.c. : 7*55] 

(b) A piece of wax of volume 22 c.c. floats in water with 2 c.c. above the 
surface. Find the wt. and the sp. gr. of wax. 

[Ana : 20 gms. : 0*909] (C. U. ’47) 

Arts. 113 & 114. 

5. Why in C. G.*S. units the values of density and sp. gr. are the same ? 

.. (C. U. ’47) 

6. 144 . gms. of an alloy of two metals, sp. gr. 6 and 12 respectively, 

is found ; to weigh 429 gms. when totally immersed in water. Find the 
proportion by weight of the metals in the alloy. (Pat. ■ 1989) 

[Hints. Let w x — wt of metal A. wt* of metal B-» (144— w t ). 
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Hence ~ «= (144 - 129), whence 72 gms.] 

. ® O 

7. Distinguish between density and specific gravity. 

(Pat. 1921, ’28f; 0. U. 1923, ’36> 

8. Describe how you will determine experimentally the density of a metaf 

in the form of a long wire of about 5 metres in length. (Pat. 1922) 

[Hints — Measure the diameter and hence the radius of the wire by a screw 
gauze, and measure the length. Volume = irr*l Weigh it in a balance by turning 
the wire into a coil of several turns. Then density “mass/vol. 

The volume can also be determined by displacement of water. ) 


9. The density of three liquids are in the ratio of 1:2:8. What will be 
the relative densities of mixture made by combining (a) equal volumes, 
(6) equal weights ? (L. M. B.)' 

]Ana. : 11 : 9] 


Arts. 115 & 115(a). 


10. Distinguish between density and specific gravity. Under what- 
conditions do bodies float or sink in a liquid ? A piece of iron weighing 
272 gms. floats in mercury of density 13'6 with &ths of its volume immersed. 
Determine the volume and density of iron. (C. U. 1930 ; Of. Dac. ’*27, ’32) 

[Hints .—Let the volume of the iron piece be x c.c. Then c.c.** volume 
of iron piece immersed in mercury** volume of mercury displaced by the 
iron piece. 

mu n 272 tj vl mass 272 , 

Then &»** —- ; or x *=32 c.c. ; and density — * 0 - — 8 5 gm. per cc.J 

18 6 volume 32 


11. Discuss the stability of equilibrium of a floating body. Apply 
your result to the case of a uniform sphere of a wood floating on water. 

(Pat. ’47) 

Art. 116. 


12. What is meant by Buoyancy ? Explain why an iron ship floats in 
water. ‘ (C. U. 1928, ’87 ; Pat. ’32 ; Dac. ’33). 


Art. 118. 

18. Describe ‘the Cartesian driver’ and explain how it acts. Do you know 
of any modem appliance which is based on this principle ? * (C. U. ’38, ’46) 

34. A^solid body floating in water has ono-sixth of its volume above the 
surface. What fraction of its volume will project if it floats in a liquid of 
specific gravity 1*2 ? 

[Axis : 1J.] 

Art. 119. 

15. You are given a piece of paraffin cut in the form of a cube ; how 
would you roughly determine its specific gravity without using a balance ? 

(Dac. 1981 > 
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16. The specific gravity of ice is 0’918, and that of the sea-water is 1*03. 

What is the total volume of an ice-berg which floats with 700 cubic yards 
exposed ? (C. U. 1926 ; Pat, ’35) 

(Let F cubic yards be the total volume of the ice -berg. . Volume under 
water™ (F— 700) cu. yds. The mass of the ice-berg - (F x 27) x 62*6 x 0‘918 lbs. 

• 

The mass of the sea- water displaced™ (F— 700) x 27 x 62*5 x T03 lbs. 
According to the law of flotation, the mass of the floating body™ mass of the 
displaced liquid. (Fx 27) X 62-5 x 0*918= (F- 700) x 27 x 62*6 X 1*03 ; or 
F™ 6437*5 cu. yds.] 

Art. 120. 

17. You are provided with a hollow glass tube of uniform cross-section 

with a bulb blown as its lower end, and other necessary materials. State how 
will you proceed to construct a common hydrometer, and explain how you 
will graduate it. [See also Art. 122 (2)1 (Pat. 1944) 

Arts. 121 9 Sl 122. 

18. How do you find the specific gravity of a solid lighter than water. 

A piece of cork whose weight is 19 grams is attached to a bar of silver 
weighing 63 grams and the two together just float in water. The specific 
gravity of silver is 10*5. Find the specific gravity of cork. (C. U. 1925) 

[Arts : 0*25] 

19. Two bodies are in equilibrium when suspended in water from the arms 

of a balance. The mass of one body is 28 and its density 5*6 ; if the mass 
of other is 36, what is the density ? (Pat. 1928) 

20. Explain how you would determine the specific gravity of a solid by a 

specific gravity bottle. * ? 

21. Explain 4iow you would determine the specific gravity of an insoluble 
powder by the specific gravity bottle. 

A specific gravity bottle weighs 14*72 grams when empty, 39*74 grams 
when filled with water, and 44*85 grams when filled with a solution of common 
salt. What is the specific gravity of the solution ? (C. U. 1934) 

\Ans : 1*2] 

22. Describe g<n experiment to find the specific gravity of a solid soluble 

in w T ater in the laboratory. (C. U. 1944) 

*23. If the specific gravity of a metal is 19, what will be the weight in 
watdr of 20 c.c. of the substance ? (0. U. 1917) 

. [Ans : 860 grams] . 

24. Explain the principle of a Nicholson’s hydrometer. How will you use 
it to determine the specific gravity of a substance lighter than water ?' 
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25. How would you determine the specific gravity of a liquid ? 

(C. U. 1915, ’10, ’18 : Pat. 1928) 

26. Describe a Nicholson’s hydrometer, and explain how you would deter- 

mine the specific gravity of a liquid with its help. < 

27. 60*8 gms. have to be placed on the pan of a hydrometer to sink it to 

the mark in water Aid 6*8 gms. only in alcohol. If the hydrometer weighs 
"200 gms. what is the specific gravity of alcohol ? (C. U. 1931) 

[Ana : 0 79] 

28. 1 c.c. of lead (sp. gr. 11*4) and 21 c.c. of wood (sp. gr. 9*5) are fixed 
together. Show whether the combination will float or sink in water. 

(C. U. 1983) 

[Hint*.— Mass of 1 c.c. of lead* 11*4 gms : mass of 21 c.c. of wood* 8 21 x 0*6 
*■10*6 gms. .'. The total mass of the combination ■>114 + 10*6 ■■21 *9 gms. 
‘Their total volume" 21 + 1" 22 c.c. So the combination floats with 21*9 c.c. 
of it being immersed in water and keeping the rest (i.e. 0*1 c.e.) above the 
surface of water.] 

29. Explain clearly how you would determine the specific gravity of a 
liquid by a Nicholson’s hydrometer without using a balance. 

80. You are given a specific gravity bottle, enough kerosene and water, 
heating arrangements and a table of densities of water at various temperatures. 
How would you find the density of kerosene at 50°C., the room temperature 
icing 80°C. ? (Pat. 1932) 


CHAPTER X 

Atmospheric Pressure 

124. The Atmosphere. (Its weight). — The atmosphere is the 
envelope of air surrounding the earth. It is principally a mixture of 4 
parts of nitrogen and 1 part of oxygen by volume besides which it 
contains a small quantity of earbon dioxide and also aqueous vapour. 

If the whole atmosphete is supposed to be divided into a number 
of layers of air, one above another, over the surf ape of the earth, then* 
evident that the surface of the earth, or any other layer over it, 
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has got to bear the weight of the layers of air above it, and thus 
exposed to a pressure which is called the atmospheric pressure. It 
is measured by the weight of a column of air of unit cross-section and 
height equal to that of the atmosphere above that surface. The 
value of this pressure is 15 lb.-wt. per sq. inch, or 1,013,961 dynes per 
sq* cm. • 

Air has weight — Take a fairly large flask fitted with a rubber 
cork through which passes a glass tube. To this is attached a piece of 
rubber tubing with a clip. Put a little water in the flask and boil 
it after opening the clip. After sometime close the rubber tubing with 
the clip and also remove the flame. Weigh the flask when it is cooled. 
Now open the clip ; air rushes in ; weigh again. The difference 
between the weights is the weight of the air that has entered the flask. 

125. Air exerts Pressure. — 

Experiments — (a) Tie a piece of india-rubber sheet R over the 
rim of an open glass tumbler G (Fig, 78). Press the other end of the* 
tumbler on the plate B of an air-pump after it 
is well groased On exhausting the air through 
the tube T by means of a pump it will he found 
that the rubber sheet will be depressed more 
and more until finally burst with a loud 
report. This shows the action of the atmos- 
pheric air on the rubber sheet. 

(b) * Magdeburg Hemispheres. — These are 
# tvro tightly fitting metal hemispherns which 

can be easily separated ordinarily. But when 
the air from the interior of the hemispheres 
is pumped out, great force is required to separate 
them (Fig. 79). • 

(c) A small rubber balloon, partially filled with air, is placed inside 
the receiver of an air-pump. When the air is pumped out, the balloon 
extends and finally bursts as the external pressure is removed. 

( d ) Fill a tumbler completely with water and cover its mouth with 
a piece of stout paper. Press the palm of your right hand on the 
paper and with the other hand slowly invert the glass. On with- 
drawing the right hand from the paper, the water will be found to 

•remain in the inverted tumbler. This is due to the pressure of 
the atmosphere %oting on the surface of water in the upward direction. 
The paper helps the mass of water to present a flat surface, otherwise 
tie mass of water would be divided, air will enter and thus the* 
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water would fall. The experiment will not be sueeesful if there is 
much air within the tumbler. 

(e) Syringe and Pipette.— Dip the lower end of 
a syringe in water keeping the piston up. Thus any 
air which may have been below the piston is much 
rarefied and consequently the pressure of air inside 
♦the syringe is reduced. The greater air pressure on 
the outside now forces water into the barrel of the 
syringe. (See Art. 148). 

Dip a pipette into water and lift it out of the 
water after placing your finger over the top. The 
water inside the pipette does not run out although 
the bottom is open, as the air pressure outside is 
greater. 

The drinking of a liquid by sucking through a 
hollow straw or tube and thus creating a partial 
vacuum inside is explained exactly in the same 
manner as above. 

if) Torricelli’s Experiment — Torricelli, an Italian physicist and 
a pupil of Galileo, carried out an experiment in 1643 which laid the 
foundations ot our knowledge of the atmospheric pressure. His 
experiment is as follows : — 

Take a thick glass tube about a metre long and completely fill it 
up with mercury. Close the end with the thumb, invert it and open 
under a bowl of mercury. The mercury 
falls, and then comes to rest being supported 
by the pressure of the atmosphere. The 
height of the mercury column is generally 
80 inches or 76 eras. The pressure of any 
fluid depends upon its vertical height and 
density. Here the pressure exerted by 
the mercury column of height equal to the 
vertical distance between the two surfaces 
of mercury is supported by the atmosphere. 

On slanting the tube it will be seen that 
the mercury surface inside will approach 
the top of the tube but the vertical height 
between the surfaces of mercury remains 
constant until there is no vacuous space 
above (Fig. 80). This constitutes a simple 
mercury barometer The space above the * ■ Fig. 80 

top of mercury in the tube, though contains a Mttle mercury vapour,, ' 
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is known as the Torricellian vacuum after the name of Torricelli. 
This experiment of Torricelli first taught the world that it was possible 
to produce a vacuum. 

That the space above the mercury column is a vacuum can be 
tested by slowly •kilting the tube until the mercury touches the top of 
the tube, whep a sharp sound will be produced because there is no air 
present to act like an elastic cushion and thus deaden tjie sound. 

126. Barometers. — Barometers ( baros , weight) are instruments 
for measuring the pressure of the atmosphere by the weight of a 
column of mercury supported by it. Mercurial baro- 
meters are of two kinds : — Cistern and Siphon 
barometers 

Fortin’s Barometer. — It is a Cistern type of 
mercurial barometer. The barometer tube is filled 
with pure, dry, and air-free mercury and is inverted 
over a cistern of mercury, R, called the 
reservior (Fig. HI). The mercury stands at a certain 
height depending on the atmospheric pressure at the 
time. The tube is enclosed within a long brass 
casing G on the front side of the upper part of which 
there is a rectangular slit through which the upper 
level of the mercury in the tube can he seen and 
observed by the help of a small mirror placed on the 
back side of the tube. The meniscus of the mercury 
surface is read by the main scale (J , graduated in 
inches and centimetres on either side of the slit, with 
the help of the vernier V worked by the screw P 
which is a rack and pinion arrangement. 

The cistern has its upper part made of a glass 
cylinder F (Fig. 82 ) through which the surface of the 
mercury M contained in it can be seen. The glass 
cylinder is fitted in a box-wood cylinder E whose 
lower end is closed by a flexible leather bag L 
(usually made of Chairjpis leather). This bag has a 
wooden bottom N against which the point of the base 
screw S presses. The screw works through the brass 
casing E which surrounds the reservoir. By turning 
the base-screw level of the mercury in the 

reservoir can be raised or lowered at will and finally 
made 'to touch the tip of the ivory pointer I which Fig. 81 
is fixed to the iid of the cistern. The tip of the pointer is in the 
^sam:e,horizontflp.^wvel as the zero of the main scale U (Fig. 81). The 
iBQOuth of t^e cistern is* provided with a seat l of leather through the 
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pores of which the atmospheric prnssure is transmitted from the out- 
side to the inside of the cistern. The barometer 
tube is of wide bore at the upper portion so that 
the effect of surface tension is avoided but it gra- 
dually tapers to a narrow end haring a * bulge G a 
little above, which rests on the leather seat l The 
end of the tube is made narrow in order that there 
may not be oscillations in the mercury during 
adjustment. 

To read the barometer, the screw S is worked 
until the Hg-surface in the cistern just touches the 
tip of the ivory pointer. This is called the Zero - 
adjustment. The adjustment is accomplished when 
the tip of the pointer appears to touch the inverted 
image produced in the clean Hg-surface. Keeping 
the eye in level with the Hg-surface, seen in the 
slit, the vernier V is moved along the main scale U 
until its lower edge (Zero mark) appears to be tan- 
gential to the convex Hg-surface, as shown in Pig. 83. 
The main scale reading below the zero-mark of the vernier plus the 
value of the vernier reading against the main scale gives the barometer 
height at the time of observation. The temp, of the atmosphere is given 
by the thermometer T placed on the casing of the instrument. 

[Note : For corrections to be applied to the barometric height, 
read Art. 27 on Heat|. 

(b) Siphon Barometer. — This is a 
portable type of barometer and is more 
convenient than a cistern type. It has no 
cistern but consists of a U-shaped tube 
having unequal limbs (Fig. 84). The longer 
limb AB, about a metre long, is closed at 
the top while the shorter limb CD 
serves as the cistern. To protect the Hg- 
surface from incidence of impurities, CD 
is closed at the top leaving a small open- 
u ing at D to enable communication with 
the external air. In order that no air 
may enter into AB when the Instrument 
is inclined, AB and CD are joined by 
means of a wooden board and one-scale 
is fixed on it against each of the^two limbs 
to read the difference of levels of * 

Fig. 84 





Fig. 88 


a cj 
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mercury which gives the barometric height at the time of 
observation. 

(c) The weather glass or household barometer is a form of 
siphon barometer. 

It has got a dial in front of the shorter tube, which is* graduated 
and marked, stormy , rain , variable , fair , etc. There is some arrange- 
ment by which a pointer moves over the graduated dial and indi- 
cates the pressure in inches, and also the probable state of the weather 
in the immediate future. For this reason it is called weather glass. 

(d) ^The Aneroid Barometer.— (Fig. 85). The word “aneroid” 

means “no liquid”, so the name indicates 
that no liquid is used in this baro- 
meter. It consists of a cylindrical 

box which is partially exhausted, and 
closed with a thin elastic metal dia- 
phragm, which is corrugated in order 
to yield more easily to external pres- | 
sure. The variations of atmospheric 

pressure cause the diaphragm to yield 
proportionally, and the change is indi- 
cated by an index connected to a 

* eVer * Fig. 85 — Aneroid Barometer 

Barograph. — 

, Continuous record of pressure can be obtained by means of a type of 

barometer, known as 
the Barograph (Fig. 
86). This is also an 
aneroid barometer, 
where indications 
are recorded on a 
piece of squared 
paper by means of a 
pen attached to a 
long lever. The 
squared paper on 
which a continuous 
record of the changes 
Fig. 86-Barograph in atmospheric pres- 

sure is left is Wound on a cylinder which is rotated by clock-work. 

' 127. "'Corrections of Barometer Reading. — A number of Corne- 
ll 
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tions, as given below, should be applied to the barometer reading as 
described in Art. 126(a). 

(1) Correction for Temperature. — Since the pressure exerted by a 
given height of mercury depends upon its density, a cosrection is to be 
applied for the expansion, and the consequeut change in density, of 
mercury, further, a correction is also to be made for the expansion 
of the metal scale (which is supposed to be correct at 0°C.) with rise 
of temperatue (see Oh. Ill, Part II). 

(2) Correction for Height above Sea-Level . — As the value of the 
attraction of the gravity diminishes with the height above the sea-level, 
the length of a column of mercury which produces the standard pres* 
sure increases with the height of a place above the sea-level and so a 
correction is to be applied so that the observed reading is corrected 
for altitude by being reduced to the sea-level. 

(3) Correction for the Latitude. — For the reason stated above the 
value of gravity varies from place to place. It is less at the equator 
than at the poles. For correcting the above two effects? the value of 
gravity at latitude 45° and at the sea-level is taken as the standard. 
The height reduced to sea-level in latitude. 45° = Il\ 1 -0*00257 cos 2A 
-l*96fcx 10"°}, where H = observed height reduced to 0°C* ; 1 = 
latitude of the place, and /& = height (in cm.) of the place above the 
sea-level. 

The reading corrected for (l), (2) and (3) would represent the height 
of the mercury column which would be supported by the atmospheric 
pressure at a standard temperature ( i.e . 0°C.) and at a standard place 
{i.e. at the sea-level in latitude 45°). • 

128. Diameter of the Barometer tube.— The height of the 
mercury column supported by the pressure of the atmosphere is not 
affected by the width of the barometer tube, for, let • 

a — area of cross-section of the tube; /^vertical height of the 
column ; d** density of mercury ; g acceleration due to gravity, 

then, the wt. of the mercury column = a h d the upward force 
due to the atmosphere by which it is supported. 

’ Now, if the area is doubled {i.e. 2a)> the upward force due to the 
atmosphere acts on twice the area, and so is also doubled. This force 
becomes “2 ah d g** the weight of the mercury colutnn which it has 
to support. 

129. Forecasting of Weather : Why the Barometric Height 
Varies ?— Some amount of water vapour is always present in the air. 
Contrary to the popular belief that moist air is heavy, water vapour 
ft actually lighter than dry air, the density of water vapour being f 
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the density of dry air. Hence, when there is a considerable amount of 
water vapour present in the air, the density of atmosphere, and 
therefore the pressure exerted by it, is less, which causes thfe mercury 
column in the barometer to fall slightly. This is the reason of the 
variations in the height of the barometer. The presence of much water 
vapour in the air indicates that rain is imminent. Foi; this reason, the 
barometer is used for forecasting the weather. A low barometer indi- 
cates the presonco of much water vapour in the air, which, again, 
indicates a fall of rain in the noar future, and a rapid fall in barometric 
height is usually accompanied by stormy conditions . On the other 
hand, a high barometer indicates dry weather . It should be noted, how- 
ever, that the barometer is by no means an infallible guide in forecast- 
ing weather conditions. 

Uses of Barometers. — So we find that a barometer can be used for 
the following purposes, — (a) Measurement of the atmospheric pressure ; 
(b) forecasting of weather ; (c) determination of the altitude of a place 
(see Art. 83,#Part II). 

130 . Value of the Atmospheric Pressure. — The normal or 
standard atmospheric pressure is the pressure exerted by 76 cms. (or 30 
inches) of mercury at 0°C. at sea-level and at latitude 45°. So, the 
value of this pressure is the force exerted on an area of one square 
contimotre by a column of mercury of height 76 cm., or that exerted 
on an area of one square inch by a column of mercury of height 
30 inches. 

C. G. S. units : 

Atmospheric pressure - weight of 76 ( = 76* l) c.c. of mercury ; 

= 76 x 13’6 x g dynes per sq. cm. 

= 1,013,961 dynes per sq. cm. 

(density of mercury — 13'6 grams per c.c., and 0 = 981 cm. per sec.*.) 

When reduced to 0°C. at latitude 45°, this becomes = 1013231 
= r013231 x 10° dynes per sq. cm. 

So, it is approximately equal to one megadyne , i. e. 10 6 dynes . 

The unit of pressure used in meteorology is 1,000,000 (or 10 6 ,) dynes' 
per sq. cm., which is called a bar, one thousandth part of which is 
called a millibar. Thus the value of the standard atmospheric pressure 
• becomes 1013' 23 millibars. 

F. P. fc. units,: # 

Again, taking 30 inches of mercury as the height of the barometer, 
atmospheric pressure SS5 weight of 30 ( = 30 x 1) cubic inches of mercury. 
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We know, that i cu. ft. of water weighs 62 5 lbs. 


weigh 


62T> 

12x12x12 


lbs. 


So 1 cu. in. will 


\ The weight of 1 cu. in. of mercury * 13*6 x 

, 62 5 , 


lbs. 


or Atmospheric jn'essiire *» 30 x 13 6 x ^^gglbs.-wt. per. sq. in. 


= 14’7 lbs.-wt. per sq. in. 

= 15 lbs -tot. per sq. m. (roughly) 

[So, 30 inches being the height of a mercury barometer, the height 
of water barometer will be 30 in. x 13’6= : 34 ft. (about ). 


Similarly, to get the height of a glyccrim barometer (h), wo have, ht. of 
water barometer x density of water — lit. of glycerine barometer x density 
of glycerine or J14 x 1 *= ft x 1’26 (density ol glycerine — 1’20). 


h- - 27 ft. (about) | 


[Note. — Pressure is sometimes measured in atmospheres. The 
pressure exerted by a column of mercury 76 cms. high is universally 
accepted as the normal pressure of the atmosphere, and this is taken 
as a standard. ‘One atmosphere means the pressure equal to that of a 
column of mercury 76 cms. high at sea-level at latitude 45° and at the 
temperature of melting ice (0°0.), which is taken as the normal 
temperature.J 

131. Why Mercury is a convenient Liquid for Barometers ?— 

A column of mercury only 30 inches high is able to support the pres- 
sure of the atmosphere, whereas to support the same pressure, a 
column of water 34 ft. high, or a column oi glycerine 27 ft. high, will 
be necessary. For this reason (/.<?. due to the high specific gravity) 
mercury is used for barometers as a matter of convenience. Besides 
this, mercury does not wet glass and does not evaporate rapidly . i ut 
the advantage in the case ol lighter liquids is that a small variation in 
barometric height can be read more accurately due to much greater 
alteration in the level. For this reason glycerine barometer is some- 
times used. Water is not suitable as it has a considerable vapour 
pressure, and in some countries it cannot be used in winter when it 
will freeze. 1 

Example,— The pressure ea erted by Ike atmosphere on a circle , whose diameter . 
is 4'5 ft., itt equal to 33S00 pounds Calculate the height of the mercury barometer, * 
if the density of mercury is 13’ 6 and the weight of 1 cu. ft. of water 62*5 pounds. 

Let h be the height of the barometer. Then the total pressure exerted 
on the circle* the weight of a column of mercury of height h standing on the 
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circle. 


The volume of this mercury column 


w X 



x 7i — 15*9 h cu. ft. 


One cu. ft. of water weighs 62*5 lbs. ; hence 15*9 k cu. ft; of. water will 
weigh 15*9 7^x62^5-993*7 h lbs. 

But, mercury fs 13*6 times heavier than water, so, 15*9 h cu. ft. of mercury 
will weigh 99J>*7 h X 13*6- 13514*32 x h ; and tliis-33800 Jb. 

or 13514*32 x //,» 33800 ; or //.- 2*51 ft. # 

13B. Variation in the Atmospheric Pressure at Different 
Altitudes. — As we ascend through the atmosphere with a mercury 
barometer, the amount of air pressing upon the exposed surface of it is 
reduced and consequently the height of the mercury column supported 
by the air becomes less and less as we ascend more and more ; on the 
other hand, as we descend below the sea-level, say, down the shaft of a 
a mine, the amount of air pressing upon the surface is increased and 
so the mercury column is pushed higher and higher. It has been found 
that for low altitudes there is a variation of 1 inch in the barometric 
height for a yertical rise or fall of 900 ft., but for greater heights this is 
not strictly true. Hence, from the variations in the readings of a 
barometer the altitude of a place, or the depth of a mine, can be ascer- 
tained (see also Art. 83, Part II). 


Aneroid barometers are often made as watches and these can be 
conveniently used for determining the heights of mountains. It is also 
a part of the necessary equipment of an aeroplane or airship. It is by 
means of this instrument that an airman knows at what height he is 
flying.* At a height of about 3* miles the pressure of the atmosphere 
is about 30 cm., and the pressure at a height of 20 miles is approxima- 
* tely 7 mm. 

Altimeters of aeroplanes are aneroid barometers which are so gradu- 
ated as to give direct reading of altitudes to which they rise. 

The folio win stable shows how the atmospheric pressure at different places 
in India changes with altitude, i.e. their heights above, the sea-level. 


Place 

Altitude 

Mean Atmospheric 
Pressure. 

Calcutta * 

21 ft. 

762'4 mm. 

' * 

Bombay 

• '38 ft. • 

759’8 „ 

| 

Simla 

7288 It. 

| 586‘5 „ 

• 

Darjeeling 

\ 7425, ft. 

j , 580-2 „ 
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184. Homogeneous Atmosphere — It is very difficult tcPtell as 
to what height the atmosphere extends, but knowing the fact that the 
weight of a column of air of 1 sq. era. cross-section and reaching from 
the sea-level up to the extreme limits of the atmosphere will support a 
column of mercury 76 cm. high, we can calculate the" extent of the 
atmosphere taking it to be homogeneous, i. e. of the same density 
throughout, beginning from the earth’s surface. Taking the density of 
dry air at the earth’s surface to be 0*00129 gm. per c.c., and the density 
of mercury 13'6, the height of the homogeneous atmosphere would be 

- J|q“ 2 3 9 - 6 = 8’012 xlO 5 cm. = 8-012 km. 

= 8*012/1*609 miles, (l mile = 1*609 km.) 

= 4*98 miles or 5 miles approximately. 

But actually the atmosphere extends up to several miles, and 
its density gradually diminishes. For example, the density of air at a 
height 6 miles above is i, and 15 miles above is Vo, of its value at the 
sea-level. Opinions vary as to how high the atmosphere reaches ; 
some put it as high as 200 miles or more. 

Temperature of the Atmosphere. — So far as the temperature of 
the atmosphere is concerned it may be taken to be divided into two 
regions ; in the lower of which, callod the “ troposphere ’, there is a 
fairly rapid fall of temperature with height at . the rate of about 5°0. 
per kilometre, and in the upper region, called the “stratosphere , there 
is no material change of temperature with height. The temperature of 
stratosphere is about -55°C. The level where the stratosphere begins 
is not fixed. It changes with the seasons and the geographical position of 
the place. The temperature of Mont Blanc (15,781 ft.) is 3°F. and that 
of Mount Everest - 27°F. ; so at very high altitudes the aviators and 
mountaineers may be frozen to death unless special precautions are 
taken. 

186. Pressure on the Human Body. — We know that the 
magnitude of the pressure of the atmosphere is 15 lbs. on every sq. 
inch of everything on the surface of the earth. The surface of the 
human body is always exposed to this pressure. The total surface area 
of the body of a man of middle size is about 16 square feet. Therefore, 
the pressure which a man supports is (16x144x15) lbs. or about 
15 tons. It 'might seem impossible how this enormous pressure 
can be borne without any serious damage or, at least, considerable 
dispomfort ; but the explanation can be found in the fact that a bottle 
fid| of air is not crushed by the weight of the atmosphere acting on its 
si&ld, however thin the wall may be, because the pressure of the air 
inside the bottle counterbalances the pressure acting on the outside. 
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If, however, the air is pumped out from inside the bottle, the out- 
side pressure would immediately crush the bottle. Our bodies are uot 
closed vessels. The lungs are full of air at atmospheric pressure and 
the air is carried at that pressure throughout the whole system. Thus, 
our bodies can •easily bear the enormous surface pressure as it is 
counterbalanced by the internal pressure. Indeed, the discomfort is 
experienced when the outside pressure is partially removed. In experi- 
ment (c), Art. 125, it was the outside pressure which was removed by 
the pump, and the pressure of the inside air then burst the balloon. 
Thus, in rarefied regions at high altitudes the mountaineers and aviators 
experience difficulty in breathing , and sometimes the internal pressure 
forces out the blood through the tissues of the nose and the ear. On 
the other hand, the divers have to work tinder high atmospheric pressure 
— sometimes of several atmospheres, when it is found that air dissolves 
in the blood-stream. The oxygen of the air is absorbed by the blood 
but the nitrogen tends to separate as bubbles in the tissues, which 
causes severe pains and sometimes death. This is the reason why the 
diver should l ascend slowly in order to allow sufficient time for the 
nitrogen to come out of the tissues and escape through the lungs. For 
example, about two hours or more would he necessary to bring a diver 
safely to the surface from a depth of about 200 ft. It has been found 
by experiment that it is hotter to supply the divers with air containing 
helium, instead of nitrogen, as helium dissolves much less than nitrogen 
in the blood and it is also got rid of much quickly, and so the diver can 
come to. the surface in much less time. 

136. Balloon, Airship, and Parachute. — It follows from the 
principle of Archimedes that if the weight of a body is less than that 
of the air displaced by it, the body will be forced up, or buoyed up as 
it is called, and will rise in the atmosphere. The difference between 
the weight of the body, and that of the air displaced by it, is called the 
“ lifting power ef the body. This principle is applied in a balloon or 
airship, which contains some gaseous substance like hydrogen, or 
helium, which is lighter than air. The combined weight of the gas, 
engine, passengers, etc., must be less than the weight of the displaced 
air in order that the balloon may rise. 

At greater heights the pressure of the air is small, so a balloon 
displaces a smaller weight of air. 

An airship , which has a light rigid framework, and also engines 
for propulsion, works on the same principle as the balloon. Though 
either hydrogen or helium may be. used in airship, hydrogen has the 
great disadvantage that it is highly imflammable whereas helium is not, 
so 'with helium risk of accident is much reduced. The advantage with 
hydrogen is that it is much lighter and cheaper . 
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Parack&te . — The parachute is a device like that of an umbrella, 
which resists the falling of a body by putting air resistance, i.e . it 
acts as an ‘air-brake 11 to a falling body. 

t (<*) Lifting Power of a Balloon. — If d be the density of the air, 
d! the density of the gas in the balloon, V the external volume o r f the 
balloon, which is the volume of the displaced air, and V '* the volume 
<rf the gas, the weight of the air displaced, i.e. the force due to buoyancy 
of air** Vd and the weight of the gas in the balloon = V' d' ; the total 
lifting power ^{Vd—Vd'). In practice V is very nearly equal to V\ 
so tile total lifting powor reduces to V(d-d '), part of which is used to 
raise the balloon itself, and the remainder is required to raise its 
passengers and cargo. The density of hydrogen ** 0*0694 x density of 
air. So for a balloon filled with hydrogen, the lifting power 
■* F(d — 0*0694 x d) = 0*9306 Vd. For a balloon filled with helium for 
which d' ** 0*1388 xrf, lifting power = V(d - 0*1388$ = 0 861 2 x Vd. 
Thus, it is found that though helium is twice as dense as hydrogen, 
the lifting power of a balloon filled with helium is almost equal (93 per 
cent.) to that of a similar hydrogen-filled balloon. 1 

Examples. — 1, A spherical balloon 4 metres in diameter is filled with hydrogen 
gas (density T V that of air). The silk envelope of the balloon weighs 250 gins . per 
square metre. How much hydrogen is required to fill it and what weight can it support , 
the weight of a litre of air being 1298 gnu 

The volume of the balloon — $ir x 2 8 ** 33*51 cubic metreR, and the surface 
of balloon**4ir x 2 2 ** 50*265 sq. metres. (The wt. of 1 litre of air is 1*293 gm.) 

V The wt. of one cubic metre of air ■* 1*298 kilogram. 

The Wt. of air displaced by the balloon — 33*51 x 1*293 “43*328 kgms. and 
the wt. of hydrogen filling the balloon 

— A * w t- of the same volume of air**— x 43*828 — 3*333 kgins. 

lo lo 

The wt. of the silk envelope ir 250 gms. per sq. metre 

250 . C 

• "l 06 (J emS por sq * metre - 

250 

•\ The wt. of the envelope of the balloon *= 50*265 x 566 kgms. 

Hence the wt. of hydrogen in the balloon -bits envelope** 12*566 + 3*333 
kgms. So the ^t. which the balloon can support— 43*328- (12*566 + 3*333) 
— 27*429 kgms. This is the lifting power of the balloon. ’ 

2, A litre of hydrogen and a litre of air weigh about 0 (fy gramme and VS 
grammes respectively at a certain temperature {t) and pressure (p). What would be 
the capacity of a balloon, weighing 10 Jcilogr amines, which just floats when filled 
with hydrogen having the same pressure (p) and the same temperature (t) as the air, 

\C. U . 1912) 

Let V litres be the volume of the balloon. Mass of hydrogen enclosed in 
the balloon** V x 0*09 gms. Mass of air displaced, by the balloon 1*8 gms. 
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When a body just floats in a fluid, the wt. of the body is equal to the wt. 
of the displacod fluid. Hence wt. of balloon + wt. of hydrogen in it*wt. of 
air displaced by the balloon. 

or 10X 1000+ T r x 0 09- PXO ; or V= 8204-46 litres (nearly). 

* 1 21 K1K 

137 Manometers or Pressure Gauges — The instrument used 
for measuring the pressure of a gas is known as a manometer or 
pressure gauge. The simplest form of mano- 
meter is a U-tube containing a liquid of known 
density, such as mercury or water (Pig. 87) 

One end of the TT-tube is connected to the 
vessel F in which the pressure is to he measured. 

The other end is exposed to the atmospheric 
pressure. If the piessure of the gas in the 
closed vessel is the same as the atmospheric 
pressure, thore will be no dilleronce of level, 
and, in othor cases, there will be a difference 
of level h .between the surfaces A and B 
of the liquid in the two limbs of the U-tube. 

If d be the density of the liquid, the pressure 
ol tho enclosed gas at V™*gdh + atmospheric 
pressure. 

Thus the height h of the liquid column 
in the open tube measures the difference 
between the pressure of the enclosed gas and the pressure of the 
atmosphere. 

If the level in tho open limb A is higher than the level in the 

* closed limb B , as in Pig. 87, the pressure of the gas in F is greater than 
the atmospheric pressure, and if tho level in A is lower than that in 
P, the pressure of the gas is le ss than the atmospheric pressure. 

138, Boyle*s Law— Kobert Boyle (1527-1691), an Irishman, 
first established tho exact relation between the pressure of a confined 
mass of gas and its volume when they are varied at a constant tem- 
perature, and the law named after him is stated as follows : 

The temperature remaining constant, the volume of a given 
mass of gas varies inversely as its pressure 

Thus, if P be the pressure and l 7 the volume of a gas, 

% 1 1 

we have, -y ; oi P* K y, where K is a constant whose 

• 4 

value depends on the mass of the gas taken and its temperature. 

Thus, PV~K. 

If the pressure P be changed to Pi, and the corresponding volume 
'becomes F ± , we have, Pi F t 161 if, But PF« K . 



Fig. 87. — Manometer 
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P X V^PV 

Thus, if a given mass of gas at constant temperature has volumes 
F 1? F a , F&, ©to., under pressures P lf P 2 , P 3 , etc., respectively, then, by 
Boyle’s Law, we have, P ± F x = P 2 7 2 = P 3 7 3 = a constant. 

138(a) Pressure and Density. — Boyle’s Law may also be 
expressed in terms of pressure and density of a gas. Thurf, let a given 
mass of gas at a given temperature have a volume F, and density d ± 
under a pressure P lf and a volume V 2 and density d 2 under a pressure 
P fl , then, since the mass m of the gas remains the same, we have 
m = d x V x =d 2 V 2 ; or dJd 2 = V 2 lV t (1) 

Thus, the density of a given mass of gas is inversely proportional 
to its volume . But, by Boyle's Law, P x F, = P 2 V 2 




from (1) 


or the density of a gas at constant temperature is directly propor- 
tional to its pressure. 

PJdx, i.e. the ratio of pressure to density of a gas is a 
constant. 


139. To verify Boyle’s Law. (Experiment). — Boyle’s Law can 



be verified by a Boyles Law tube (Fig. 88), which 
consists of a glass tube AB of uniform bore, con- 
nected by means of a flexible rubber tubing P to 
one end of another glass tube T of somewhat wider 
bore and open at the top. The closed tube is partly 
filled with dry air, and the rubber tubing with some 
portion of both the glass tubes is filled with clean 
mercury. The tubes are mounted on a vertical 
adjustable wooden board provided with a graduated 
scale to read the heights of mercury level in the two 
tubes. 

When the mercury levels in both the tubes 
are the same, the pressure of the enclosed air is 
one atmosphere. If the level of mercury in the 
wider tube is higher than that in the other 
tube, the pressure of the enclosed air is one at- 
mosphere plus the difference of the two levels of 
mercury ; Und if it is lower, then the pressure is„ 
one atmosphere minus the difference of the two 
levels. 


Fig. 88 — 

Boyle’s Law tube In this way, thp volumes of the enclosed 



boylb’s law 


m. 


air and the corresponding pressures are read off in different 
positions. 

To verify the law only for pressures greater than the atmos- 
pheric pressure , all the readings for pressure should be taken by 
keeping the levet of mercury in the wider tube higher than that in the 
other tube ; # and for pressures lower than the atmospheric pressure , 
the level of mercury in the wider tube should always be lower than 
that in the other. 

Plot the results on a squared paper where the abscissae represent 
the pressures, and the ordinates the corresponding volumes. The 
curve will be a rectangular hyperbola (Fig. 89). 

But as P is proportional to 1/F, a straight line is obtained if P 
is plotted against 1 / V. 

(a). Verification by Graph. — If a straight line results on plotting 
P against i'F, this is a verification of the law. (It should be known 
that a straight-line graph is a far more conclusive evidence than a 
curved line for the verification of some law.) 

The law (Ain bo verified graphically even without a knowledge of the 
atmospheric pressure. To do this plot the excess of pressure, i-a. 
pressure above the atmospheric pressure, against l/F, when, again, 
a straight line will be obtained ; for, we have PV=K, a constant ; 
(11 + X) V-K; or TI+X-K V=KY ...(1) 

where TT represents the atmospheric pressure, X the excess of 
pressure and Y stands for 7/F. 

This is an equation of a straight line. So, if the graph of X, the 
excess fcf pressure, and Y , i.c. l'F, gives a straight line, the law is 
verified. 

Atmospheric Pressure - This graph also provides a method of 


knowing the value of II. For 
when 7'F is 0, the intercept on 
the pressure axifc gives the value 
of X (see Eq. 1). Hence H is 
found. 

The expansion of a gas at cons- 
tant temperature is said to be 
isothermal (Gk. JT.sos, equal, thermos , 
heat) expansion and the curve 
.by which the relation between 
pressure and volume at constant 
temperature is represented is said 
to be<an isothermal curve. So the 
curve, as in "Fig. 89, is an isother- 
mal curve or simply an isothermal. 



PRESSURE W MM.-* 


Fig. 89. — Boyle’s Law Curve 
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Deviations from Boyle’s Law.— It should be noted that for all 
practical purposes Boyle’s Law is true for permanent gases like oxgen, 
nitrogen, hydrogen, etc. The permanent gases obey Boyle’s Law 
very nearly under moderate pressures at ordinary temperatures. But for 
large changes of pressure almost all gases deviate from the law more or 
less. A gas obeying Boyle s Law accurately for all pressures is called a 
perfect gas but no such gas exists . 

Precautions. — For the success of the experiment with a Boyle’s 
Law tube, the following precautions should be taken ; (a) The air 
enclosed in the tube AB must be perfectly dry. 

(b) The scale by which mercury levels arc read must be accurately 
vertical. 


(<?) The volume of the enclosed gas must be changed slowly so 
that that the heat developed by compression arid the cold produced 
by expansion may be dissipated into’the surrounding space. , 

(d) In order to account for any variation in the atmospheric 
pressure during the experiment, the barometer should be read at the 
beginning and at the end of the experiment, and the mean of the two 
readings should be taken. 

139(b) Other Method — Boyle's Law can be verified more simply 
• by taking a glass tube AB about a metre long having a uniform bore 
of about 2 mm., closed at one end A and open at the 
other end B. The tube contains a mercury index DC 
about 25 cm. long which encloses a column of dry 
air AD (Fig. 90). 

Procedure . — Read the barometer and lot P be the 
correct atmospheric pressure. Hold the tubo verti- 
cally with the open end downwards. The atmos- 
pheric pressure in this case presses upwards on the 
mercury column, so the pressure of the enclosed air 
is(P-A), where h is the length of the mercury 
column. Measure h and l l% the length of the air 
column AD. 

Now clamp the tube with the open end upwards. 
"The pressure of the enclosed air now is(P + 7&), Measure h and i a . 
the length of the air column now. 

If a is taken to be the cross-section of the tube, the volumes of athe 
air enclosed in the two cases arc and al 2 . Now by assuming 
<Boyle*s Law to be true, we 'have (P - h)al± — (P + h)al 2 



or 


P-h 
P + fe~ 


?2 

ll* 


from which P can b,e calculated. 
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The result can be checked by measuring length of the air column 
when the tube is kept horizontal. The pressure in this case is P which 
can easity be calculated. Thus by this method we can approximately 
determine the atmospheric pressure . 

In order, to have more readings for tho verification of Boyle’s 
Law by the above method, the tube can be clatnped at various angles 
with the open eud up or down, In these cases h will be difference 
of the two vertical heights of the two ends, G and D , of the mercury 
column, which can be measured by using a plumb line. The pressure 
of the onclosed air in these cases will be P±(h 2 - h x ) according as the 
open end is up or down. All the Results obtained in various positions 
of the tube can be tabulated, and it will be seen that the product (P x V) 
will be proportional to Px Z, (where l is the length of the air column), 
and will be constant. 

140 Faulty Barometer. — A barometer containing some air in 
the tube will always give faulty readings as the air will expand and 
depress the mercury column. To test whether the barometer tube 
contains air or not, incline the tube sufficiently, or screw up the 
bottom of the cistern in the case of Fortin’s barometer, until the whole 
tube will he filled with mercury, if there is no air in it But if there 
be any air in the tube it will always be left in the tube, however much 
the tube may be inclined or the bottom may be screwed up. 

As the mercury rises and falls, this air obeys Boyle’s Law, and 
hence it is possible to determine tho correct atmospheric pressure with 
such a faulty barometer by the application of Boyle’s Law. 

* Determination of correct pressure. — Lot h ± be the height of the 
mercurv column and l L the length of the air column in the tube 
(Fig 80). Now raise or depress the barometer tube in th£ cistern so 
that the air column is about double or half of what it was. Bead the 
new height h 2 of tho mercury column and the length l 2 of the air 
column. If P be the correct atmospheric pressure, wo have, by apply- 
ing Boyle’s Law, (P- /tj x al^ =(P - h 2 ) x aZ 3 , where a is the cross- 
section of the tube. From this P is determined. 

Example — A. faulty barometer tends 70 cm, with a space 9 cm, in length above 
the mercury m it wlieu the true bai ometei reads 77 cm. What is the conect atmos- 
pheric pressure wfanthzs faulty barometer gives a reading of 75 cm, ? 

Tit should be noted that the volume of air in the beginning is (9 x «t) c.c., and 

• whefi the barometer reads 75 cm. instead of 76 cm., the volume of air above 

the mercury surface becomes j94 (76-75)}* = 10*, where * is tho cross-section 

of the tube. Hence, as explained ab6ve, we have 
* 

(77 - 76) x (« x 9) - (P - 75) x {* x (9 + lH ! or 9- 10P-750, U. P-16’9 cm. 
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141. Explanation of Boyle s Law by the Kinetic Theory of 
'Oases.— All substances are composed of very minute particles called 
molecules.. According to the Kinetic theory, the molecules of gases are 
free to move about at random inside the vessels which contain them. In 
1 c.c. of a gas there are no less than 25 x 10 18 molecules. The molecules 
are themselves smaller in size than the spaces that separate them. This 
explains why gases can be easily compressed . Just as a stream of water 
particles from a hose exerts a force on the wall on which it strikes, the 
innumerablemolecules of a gas strike against the walls of the contain- 
ing vessel and these blows constitute a continuous force tending to push 
out these walls. (The magnitude of this force exerted by air against 
the walls of an ordinary room, as we have found before, is about (16)° 
dynes per sq. cm., or 15 lbs. per sq. inch. This may be increased to as 
much as 100 lbs. per sq. inch in a tyre of an automobile, or 250 lbs. per 
sq. inch in the boiler of an engine.) When a molecule , proceeding with 
a certain velocity , hits a wall of the containing vessel it rebounds , and t 
therefore , undergoes a change of momentum , and the rate of change of 
momentum , according to Newton s second law of motion , ii proportional 
to the force exerted on the walls . If ive consider the total force exerted 
by the gas molecules on one square centimetre of the wall of the vessel , 
we shall get the pressure exerted by the gas. If the gas is compressed 
to half its original volume, the number of molecules in one cubic centi- 
metre of the vessel is doubled, i.e . the density of the gas is doubled, and 
so the number of molecules striking against one square centimetre of 
the wall in one second, i.e. the rate of striking blows against the wall, 
is doubled. Hence the pressure of the gas is doubled, if the tempera- 
ture remains constant. Thus the Kinetic theory accounts in this simple 
way for Boyle’s Law. When a gas is heated at constant volume, the 
velocity of the molecules increases and so its pressure increases. 

During the change of state of a substance the temperature does 
not rise ; so the heat supplied must be utilised in further separating the 
molecules from one another against their forces of attraction without 
increasing their velocity. 

Examples. — I. What volume does a gramme of hydrogen occupy at 0°C when 
the height of the mercurial barometer is 740 mvu't [1 c.c. of H weighs O' 00008958 
gram, at 0°C. and 760 mm) (C. U. 1913) 

0‘00008958 gram of hydrogen at N.T.P. occupies 1 c.c. 

/ . 1 gram of hydrogen at N.T.P. occupies l/0'OQ008958 c.c. 

If V c. c. be the volume of 1 gram of hydrogen at 0°C. and , 750 mm. we 
have, by Boyle’s law, 

Fx 750- 0^00008958 X 780 : ° r V "o , 00008958 * 750 “ 1138 lltreB ^ nearly ^ 



DOYLE’S LAW 


176 - 


2. What is the depth in water where a bubble of air would just float , when the 
height of the water barometer is 34 ft ?• Given that the miss of 1 cubic foot of water is 
G2 : 5 lbs., and that of air is 5j4 oz. 

Let h ft. be the depth at which the bubble would just float, when the 
density of air is <f, and let d f be the density at the atmospheric pressure, then, 
we have, • 

34 

by Art. 188(a), — 7$^** ( f m s ^ nco this depth the bubble of air just 

floats, the density of air is just equal to the density of water, so 

84 __ d! 5/4 

h + ifi density of water ** (62'5 X j 6) 

jfi*' or h~ 27165 ft. “905 5 yds. = 514 miles. 

3. At what depth in a lake will a bubble o/ air have one half the volume it will 

have on reaching the surface !- The height of barometer at the time is 76 cms., and 
the density of mercury 13 6. {All. 1928 ) 

Let the volume of air bubble at the surface be V c.c*., and the depth bolow 
the surface at # which the volume of the bubble is VlS be x cms. 

x cm. of water exerts the same pressure as #/l8'6 cm. of mercury. 

Hence the total pressure on the bubble at bottom* 76 + ~- cms. 

Id O 

Then, 1>> Bayle’s Law we have ^76+ ^ x ^ — 76F ; 

or ,,;-«76; x - 76 x 18'6- 1038*6 cms. 

Id 6 

4. A barometer reads 30 inches and the space above mercury is 1 in. Jf a 
• quantity of air which at at nwsphct ic pressure would occupy l in. of the tube is 

introduced , what will be the reading of the barometer ? (All. 1931). 

Let a be the area of cross section of the tube, so the volume ai -fur occupying 
1 inch of the tube*^x 1, and the pressure of the above air, before it is intro- 
duced in the tube “ 80 inches. 

When air is introduced, Jet the mercury column comes down by x inches, 
which, then, is the pressure of the introduced air, the volume of which is 

+ 1) x a cu. inches. B y Boyle’s Law, 30x&xl = xx («+ l)xa ; 

, or J 2 + ® — 80 — 0 ; or (* r — 5)( J ’ + 6) *0 ; or £“+5 or —6. 

According to the first value of a*, the reading of ths barometer will be 
80- 5“ 25 ineheVt and according the other value, the reading will be 
80 - ( - 6) •" 86 inches. But as the pressure, after air is introduced, cannot 
» be .greater than the original pressure, the second value is not admissible. 

5r. A siphon barometer which a little air in its ‘vacuum 1 indicates a pressure of 
only 72 centimetres, and on pouring some more mercury in the open limb until the 
vacuum is diminished to half its former bulk , the difference of the level becomes 7 0 
• centimetres . What is the true height of a proper barometer f (Pat. 1922 ) 
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Let V be the volume of air m the tube and p the prcssuie exerted by this 
volume of air before mercuiy was poured in 

Tho true height of the baremetor l "72+p Then F/2 it, the volume of 
this air after mercury was poured m Lot the pressure exerted by this volume 
of air be p 1 . The true height * 70 +p x 

Then, we have, by Boyle’s L iw, pi **p x x yf2 ’ px * 2p 

But the true height of the buomcter btfoit pouung in m« reury = 72 +p, 
and after pouring m mercury ■ a 70+r> 1 72 + p ™ 70 + p L — 70 + 2p , 

* p* 8 2 Hence the true height of the boronutfi **72 + ‘2 >**74 cms 

6 A tube 6 feet *n length closed at mu end is half filled wttn nieunry and is 
then inverted with it s open end fust dipping into a mercuiy tiouqli If the batoifuter 
stands at 30 inches, what will he the height of the met t hi if msidi the tube f 

(C 17. 1931) 


Lot x ft ■-i.eight of mercury inside the tube when imerted The initial 
volume of air occupies $ or B ft length, and the initial pressure J2 ft , the 
final volume “ (6 — a*) ft in length, and the final piessuie 8 * - a-) tt Then, 
by Boyle s Law, (fj-/) , oi y * (6 -s) (■£“•&)- 15 - br 

-%x + x 2 — 15-ya* + {r a 

2x*-17*+15-0, oi (r-1) f2 r — 15) — 0 , 


Hence £—1 ft. , oi V ft , or 7^ ft 

The second root is not admissible as the height cannot be 7$ ft , / ( longer 
than the tube The requned height* 8 1 loot 

7 . The height of the mn cm y baiometer is 60 inches at sea h vd and °0 inches 
at the top of a mountain hind appi oximately the hnqht of the mountain if the 
density of air at sea level is 0 00 1 3 gm pei t c , and of men uty 13 j qm pn c c 


By Boyle ’ b Law, 


tin density of \n at top of mount iin__ 20 

0 0012 ~J0~ 

Density of ur at top™ ] x 0 001 3 ™ 0 0008/5 
Mean density = 1 (0 0013 + 0 00086) -0 00108 


The difference of pressures nt the two points is equal to the weight of 
(80-20) inches of mercurv standing on one square inch, i of 10 cubic inches 
of mercury. 

Now considering the atinospheio to be homogeneous having its density 
equal to 0430108, it can be found what column of this air will be equal m 
weight to a column of mercury 10 inches high. Hence, if h be the length of 
the air column, we have 

h densi ty of mercury h J18 5 

length of mercury column"" density of air * or 10 "*0 00108 


• • 


18 5 
0 00108 


x 10 ™ 125000 inches* 10416*66 ft nearly 
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6. A bubble of air rises from the bottom of a lake and its diameter is doubled on 
reaching the surface . Find the depth of the lake , 

Volume of a sphere -■$ v (radius) 3 “J * (diameter) 8 

. Vol. of air bubble at bottom j r ^diameter) 3 - 

„ * „ „ surface i v (2 X diameter) 8 

.’. Volumfe at surface = 8 times volume at bottom. 

Therefore, if V be the volume at bottom, F its pressure, and P the pressure 
of the atmosphere, we have, by Boyle’s Law, VV~*I* x8V ; P—8F* 

That is, the pressure at the bottom is 8 times the atmospheric pressure. 

Now, taking the height of the water* barometer as 84 ft., the pressure 
increases by 1 atmosphere for every 34 ft. descent into the lake. The diffe- 
rence of pressures on air bubble at the surface and bottom is (8— 1) or 7 
atmospheres. 

.*. The depth of the lake** 34 X 7 *= 238 ft. 

9. An empty beaker floats in water with its bottom upwards and is gradually 
pushed down m that position. Show that after reaching a certain depth t the beaker 
loses all buoyancy and sinks of itself. (Pat. J94I) 

Let V c.c. # he the capacity of the beaker ; so it is the volume of air within the 
beaker at atmospheric pressure. When the beaker is forced down, the pressure 
on the enclosed volume of air increases and the volume of air within the beaker 
is diminished. At any moment the quantity of water displaced by the 
beaker “volume of air within it. Let h cm. be the required depth below the 
surface when the beaker loses all its buoyancy and sinks of itself, then at this 
depth the weight of the beaker 

=* wt. of water displaced ; or W*=v-¥ W[d, where W is the mass of the 
beaker , tU the density of the material of the beaker and a, the volume of air 
compressed at depth h. 

• or v-W- W/d ... ... ... (1) 


Now, if U be height of water barometer, we have, by Boyle’s Law, 
VH (at the surface) - v iH+h) at the depth h 


(H + h) • 


VH = (W- W/d) (H+h) 
dV H . dVH_ 

Wd- W 1 * * W (d-ljT 


from (1) 


Questions 

Art 124 % 

1. Explain what you mean by the atmospheric pressure. Give a brief 
* description of any form of barometer, Find the height of a glycerine barome- 
ter when the water barometer stands at 32 ft. (Sp. gr. of glycering*" 1*27). 

(0. U. 1928) 

[Ans. : 2519 it.] 


12 
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Art. 129. 

2. Describe an experiment to prove that air exerts pressure. How is the 
pressure measured ? (0. U. 1917, ’18, ’19, ’26, *87 ; Pat. ’28 ; Dac. ’84) 

8. Prove that the pressure of air can be measured by maanB of a long tube 
containing mercury inverted over mercury in a trough. (C. TL 1940) 

4. What is Torricelli’s Vacuum ? Is it really a vacuum ? In performing 

a Torricelli’s experiment, it was suspected that some little air has entered. 
What will you do to ascertain whether it was really so ? (C. U. 1925) 

[Hints.— It contains a little mercury vapour ; so, strictly speaking, it is not 
a vacuum. (See Art. 125 (f). On depressing the tube further in the mercury 
trough if the tube be ultimately filled completely with mercury, there is no air 
inBide. If there bo air, the surface of mercury will nob reach the closed end.] 

5. State what happens in the following cases giving reasons, (a) A glass 

tube 20 inches long closed at one end and entirely filled with mercury is inver- 
ted over a trough of mcrcurv, (b) a narrow glass tube open at both ends is par- 
tially dipped m a vessel containing water. The upper end is closed by the 
thumb and the tube taken out ol water. (0. U. 1922) 

Art. 126. 

6. Write a short note on the different kinds of barometers which vou have 

seen in the laboratory. How is it possible to get continuous records of the 
barometric height at a place ? (Pat. 1927) 

7. Describe a good form of standard barometer. Can a tube of any diame- 

ter be used as a standard barometer tube If not, why ? Why is a thermo- 
meter always attached to a barometer ? (All. 1982) 

(See also Art. 128). 

8. Describe, with a neat sketch and an index of parts, a good barometer, 
mentioning the precautions necessary in setting up each part. Why is it neces- 
sary to have a good vacuum on the top of the mercury ? 

(Pat. 1921 ; cf. 1922, ’26, ’89) 

9. Describe briefly the process of constructing a Fortin’s barometer. On 
what factors does the reading of a barometer depend ? Obtain an expression 
for reducing a barometer reading to that at the normal temperature. * 

(Pat. 1932) 

10. Describe any form of barometer you have used in your laboratory. 

Give the directions necessary for reading the atmospheric pressure, and point 
out the precautions necessary for its use. (0. U. 1921, ’29, ’85) 

11. Describe a Fortin’s Barometer and explain how you will use it. 

(All: 1980 ; Dac. ’81 ; C. C. 1989, ’45 ; Pat. 44) 

11(a). Write a short note on Aneroid barometer. (All. 1946 ; Pat. ’46) 

Act. 130. 

12 (a). Explain fully the meaning of the statement, — the atmosphere 
exerts a pressure of 15 lbs. per sqtiaro inch nearly. 

JJow would you verify the statement experimentally ? s - (C. U. 1919, ’41) 
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12(b) Express the normal pressure of air in absolute units. (G. U. 1947) 

13. A hollow glass sphere is weighed on a sensitive balance. The sphere 

is broken and the fragments are carefully collected (none being lost* and 
weighed. Would you expect any difference in the two weights ? Would your 
answer have to b£ modified if the weighings are carried out in vacuo ? Give 
reasons in each case. (Pat. 1930) 

14. In order to determine whether air has weight Yoltaire weighed a 

flexible bladder first when it was inflated with air and afterwards when it was 
deflated. He found both weighings to be equal and concluded that air had no 
weight. Criticise the conclusion. (C. U. 1926, *44) 

[Hints. — Wt. of the inflated bladder in air “true wt. of the bladder (in 
vacuum) + wt. of the contained air — wt. of air displaced by the bladder (when 
inflated). Wt. of the deflated bladder in air=true wt. of the bladder (in 
vacuum) — wt. of air displaced by the bladder (when deflated). 

In the first case, the wt. of air displaced by the bladder (when inflated) ™ wt. 
of air displaced by the bladder itself ( i.e . the rubber portion only) + wt. of air 
equal in volume to the contained air. Therefore, ultimately the first wt. is 
equal to the second wt., i.a. the wt. of the bladder in air remains constant.] 

15. Describe an experiment showing that Archimedes’ principle applies to 
bodies immersed in a gas. 

Criticise the statement ‘A pound of feathers woighs less than a pound of 
lead’. (C. U. 1944) 

Art. 133. 

15 (a).. Why there is difference in the reading of a barometer at Puri and 
at Derjqeling ? (C. U. 1947) 

Art. 135. 

• 

16. What is the effect of the pressure of the atmosphere on the weight of 

a body ? Give reasons for your answer, and describe an experiment by which 
this effect can be demonstrated. * (C. U. 1934) 

Art. 136. * 

IT. As a balloon rises to greater and greater altitude, what changes are 
found in (a) the atmospheric pressure, (b) the density of air, and (c) the lifting 
power of the balloon, by a person in it ? Explain the changes. (Pat. 1940) 

18. A balloon, weighing 150 kg., contains 1,000 cu. in. of hydrogen and is 
•surrounded by air density 0'00129. Calculate the additional weight it can lift. 
Also explain why the balloon will float in stable equilibrium at a constant alti- 
tude. (Density of hydrogen ■» 0*00009 gm./cu. cm.) (Pat. 1941) 

• [Hints. — Donsity of H per cu. m. « 0*00009 x 10 6 * 90 gm. The wt. of 1000 

cu. m. of H = 90 kg. So total w,t. = (150 + 90) — 240 kg. Wt. of 1000 x 10 6 cm. of 
air»*1290 kg. , . Lifting powers* 1290 - 240* 1050 kg. It will be in stable 
equilibrium because at a constant altitude the acceleration due to gravity, and 

• also density of air, remain constant.] v; 
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Art. 138 & 139. 

19. State Boyle’s Law and describe an experiment to verify it. 

(Cf. U. 1911, ’13, ’15, ’16, ’20, ’23, ’25, ’31, ’44 ; Pat. 1922, ’28, ’36, 
’38, ’47). 

20. State Boyle’s Law and describe with a neat diagram the experiment 
you would make to verify it for pressures lower than the atmospheric pressure. 

(C. U. 1941, ’47) 

21. The height of a barometer is 75 cm. of mercury and the evacuated 
space ovei* mercury surface has a volume of 10 c.c. One cubic centimetre 
of air at atmospheric pressure is introduced into the evacuated space. What 
is the new reading of the barometer ? The cross-section of the tube is unity. 

(C. U. 1921, ’29) 

[. Ans : 70 cms. — because the other value 90 is inadmissible.] 

22. Find the pressure exerted by a gramme of hydrogen in a vessel 
of 5*55 litre capacity at 0°C., assuming that the mass of a cubic centimetre 
of hydrogen at ()°0. and a pressure of 760 mm. of mercury is 9 x 10 “ r ‘ gins. 

(Dae. 1930) 

[Ans : 152'6 mm.] 

23. Assuming the water barometer stands at 33j ft., find the length of n 
cylindrical test tube in which the water rises 1 inch if the tube is vertical 
and pressed mouth downward into water until the base of the tube is level 
with the surface of the water. 

(C. P.) 

[Ans : 21 in.] 

Art. 139(b). 

24. A column of air is enclosed in a fine tube by a thread of mercury 

25 cm. long. The air column is 5 cm. long when the tube is held vertically 
with its open end uppermost. On inverting the tube, the air column measures 
80 cm. Find the atmospheric pressure. (O. M. B.) 

[Hints. — (P + 25) X 5 ■* (P — 25) X 10 ; .*. P*=75 ern.j 

25. State and explain Boyle’s Law. 

A narrow tube with uniform bore is closed at one end, and at the other 
end is a thre ;d of mercury of known length. The tube is held vertical with 
the closed end (i) up, (ii) down. Show how the barometric height can be 
determined from the positions of the thread, assuming that Boyle’s Law holds. 

* (Pat. 1938, ’47* 

Art 140. 

26. How would you test whether the space above the mercury column 

in a barometer tube contains^ air or not ? Show how a correction for the 
reading of a barometer containing some air above the mercury column may be 
found when no other barometer is available. (M. U. 1987) 

27. A barometer whoBe cross-sectional area is one sq. cm. has a little air 
in tjbe space above the mercury. It is found to read 77"^ cm. when the true 

w * 
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height is 78 cm., and 71 cm. when the true hoight is 71*8 cm. Determine the 
volume of the air present in the tube measured under normil conditions. 

(C. U. 1987) 

[Hints.— (78 — 17)V- 71*8 - 7l{V+ (77 - 71)} ; whence V- 2‘463 -c.c.] 

Art. 141. • 

28. (V> You account for the pressure of a gas in a closed space and 

on what factor docs it depend V 


CHAPTER XI 

Applications o! Air Pressure 

(Air and. Water Pumps, Siphon, Divinq-bcll) 

Valves. - A valve is a trap door, hinged in such a way that when 
air presses on one side, it opens a little way and allows air to pass 
tli rough, but it shuts up the opening 
when air presses on the other side. 

Thus the values allow the passage of 
a fluid in one direction only . They are 
made in many forms according to the 
purposes for which they are required. 

They may be conical, hall-shaped 
rup‘Shai*etl % or flat, but they all ful- 
fil the same purpose. 

142, ‘ Air-Pump (or Exhaust- 

Pump.-~-The term ‘air-pump gene- 
•rally means a pump for exhausting 
air. The simplest type of exhaust- 
pump was invented by Otto Von 
(luericke about U350. It consists of 
a barrel AB fitted with an air-tight 
piston P having a valve h opening 
upwards. The barrel AB is connected by means of a pipe CD to the 
plate EE, called the plate of the pump, on which the Receiver R (to 
be exhausted) is placed. Thgro is another valve a opening upwards* 
at the mouth of the connecting tube below the barrel (Pig. 9l). 
The side tube M connected to a manometer gives the pressure within 
^ R at every stage. • 

. Action. — Suppose the piston P is at the bottom of the barrel. 
"During the up-stroke of the piston, tho piston valve h closes due to the 
pressure above, *and the pressure of &ir within the barrel below the 
piston falls. 'So air from the vessel B lifts the valve a of the pipe and 
expands in the barrel, and thus the pressure of air in JR is reduced. 
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When the piston moves down, the valve a is closed, and the air 
inside the barrel being compressed opens the piston valve b and escapes 
into the atmosphere The operation goes on until the air in the vessel 
B is too rarefied to lift the lower valve a. 

0 

Double-barrelled Air-Pump. — The action in the single-barrelled 
pump is intermittent . To make the action continuous, a double-barrelled 
pump is to be used. In such a pump, the two jiistons m the two 
barrels are simultaneously worked by a rack and pinion arrangement 
such that the pistons move up and down alternately, that is, as one 
goes up, the other comes down. A tube coming from the two barrels is 
connected to the common receiver. The action in this case is very 
rapid, and the rate of evacuation is twico that obtained in a smgle- 
barrelled pump. 

Note.— it is to be noted that a perfect \acuuni can no\ei be reached 
though the pressure of air in tlie > esse! can be greatly reduced. 

142(a). To calculate the Density of Air left in the Receiver. — 

Let F® volume of the receiver R up to tho lower valve a of 
the barrel. 

F 1 * volume of tho barrel between the two valves, when the piston 
is at the top of its up-stroko. When the piston occupies the lowest 
position in the barrel, the volumo of air in tho receiver is F, and for 
the piston occupying the highest position, tho volume oi air is (F+ F L ). 

Let d = density of air originally in the lecoiver. 

d 2 density of air at the end of the first up-strokc At tho end of 
the first upstroke ol the piston, tho volume V ol air of density' d occu- 
pies the volume (F+ F 1 ), and is of density c/,. 

Then, w T e have, since the mass remains constant, 

v<i-(v+v')<h . oi 

Now, if d 2 be the density ot air at the end of the second up-stroke, 
we have, as before, tf 2 “ yi = (^^i) . from (l) 

/ V \ n 

Proceeding in this way it can be shown that d „ ■= ( y L j d . 

If Boyle's Law holds good. ?.<?. the pressure varies directly as the 
density, the temperature remaining constant during the working of 

/ V \ n f V \ n • 

the pump, we have, Pn«( y+yij P * atmospheres, 

where P is tbe original atmospheric pressure and P n the pressure 
after n strekes. 
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[Note. — From the remit it is seen that d n can never become • zero : 
so a perfect vacuum is not possible , J 

143. Filter Pump (or Water Jet Pump). — It is a simple air- 
pump ordinarily made of glass and is used when the degree of 
vacuum required is not lower than 7 mm. Its special 
feature is tha{ it needs no attention, 

The pump is shown in Fig. 91 (a). The side tube 
B is connected with a rubber tubing to the vessel in- 
tended for evacuation. The upper end oi the vertical 
tube A which tapers and ends in the nozzle N is 
connected to the water mains, the pressure of which 
should romain constant. As a strong jet of water 
forces out of the no/zle with a very high speed, some 
air from around the nozzle is also entangled and 
carried down the tube. The draught produced there- 
by draws out the air from within the vessel at the 
same rate. 

144. The Condensing (or Compression Pump). — 

This is an air-pum]) for compressing air into another vessel, as used for 
inflating foot-balls etc. It consists of a barrel AB in which a piston P 
works. The barrel is connected with a vessel, known as the receiver, 

where air is to be compressed. 
Both the piston and the end of 
the barrel contain valves b and a 
respectively opening towards the 
F»g. 92 receiver. So it is like an exhaust 

Compression Pump. pump with the valves reversed. 




There is a stop-cock at the mouth of the receiver which may be closed 
after a required amount of compression is attained (Fig. 95$). 

Action — Suppose the piston is at the end B of the barrel. At the 
backward stroke of the piston, the pressure of air in the barrel below 
the piston falls ; the valve a is closed by the pressure of air in 
the receiver ; the atmospheric air acting on the other side of the 
piston opens the piston valve b ; and the barrel is filled up with air 
at the atmospheric pressure. At the forward stroke the piston valve 
b is closed and the air in the barrel enters the receiver by forcing 
the valve a open. This process is repeated several times. 

145. The Density and Pressure of air in the Receiver after 
a number of strokes.— 

• Let* V® volume of the receiver and the connecting tube ; 

Ft*" volume pf ihe barrel between the higher and the lower valves. 
d “density of atmospheric ,air ; ^“density of air in the receiver 
after n strokes. The mass of Air originally in the receiver ** Vd. 
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At each down-stroke, a volume V 1 of air at atmospheric density d 
enters the receiver. Hence after n complete strokes mass of air in the 
receiver =* (.F+ n V ± )d. But its volume is V. 

Its density J„ = v “^ e - (1) 

If Boyle’s Law holds good, then pressure will be directly pro- 
portional to density. 

If P n be the pressure in the receiver after n strokes and P the 
original pressure, we have 

p"- from (l), t.e. P n = ^ 1 + ^ ^ atmospheres. 

146. Difference between the Compression and the Exhaust 

Pump. — In the compression pump a quantity of air whose volume is 
the same as that of the barrel is forced into the receiver at each stroke 
and as air from outside easily enters the cylinder on everv backward 
stroke, the density ol air which is forced into the receiver is always 
the same as that of the outside air, and consequently the mass ot this 
air is constant. But iu the rjhanst pump the density of air extracted 
from the receiver diminishes with each stroke though the volume may 
be the same, and hence the mass of that air also diminishes. 

147. Compression Pump in different Forms. (The Bicycle 
Pump) — Ordinary bicycle pump (Fig. 93) is an example of the simplest 

kind of compression pump. It is made of a vulcanite or 
metal cylinder with a piston P inside, which is fitted with 
a cup-shaped leather washer W, the rim of the cup being 
directed towards the bottom ot the pump During the up- 
stroke, the cup collapses inwards and air from above 
passes readily betweon the washer and the wall of the 
cylinder into the lower part of the hauel, and during the 
down-stroko the exit is closed, and by the increased pres- 
sure of air the leather is pressed air tight against the walls 
of the cylinder and so no inside air can pass out. As the 
piston comes down, tho pressure becomes greater and it is 
sufficiontto overcome the resistance of the inlet valve which 
is in the air-tube of tho bicyclo tyro. * 

The connector of tho pump screws on to this calve 
which consists of a narrow metal tube entirely closed 
except for a small hole on one side over which a thin rubber 
tubing is stretched very tightly. During the up-stroke of 
the piston, the pressure of the air in the tyre presses the 
rubber tube to the valve, closing the small side hole, and 
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f?o the air cannot flow back from the tyre into the pump. During the 
down-stroke , the compressed air in the pump forces its way through the 
small hole and enters the tyre. 

A foot- hall mflator is also a similar type of pump which has a 
nozzle preventing any return of air from the foot-ball. 

The Soda-water machine also acts as a compression pump in forcing 
carbon dioxide gas into a bottle containing water. The water absorbs 
the gas and is said to be aerated. This water is ordinarily called 
soda water. 

An air gun may also be regarded as a compression pump with- 
out any valve. At each stroke more and more air is forced in the 
barrel and becomes compressed. When the compressing force is 
suddenly released, the air expands with a great force and the effect is 
that of an explosion. This force is used in air-guns, where the released 
air works upon a spring with a great force and throws out the bullet. 

If the air in the above case is released slowly then a steady force 
may be applied against a surface such as is used in ‘Westing house’ 
automatic brake employed ori some trains. 

Compressed air is also employed in working drills used in quarry- 
ing, street repairs, etc. 


Examples. — 1. Tue barrel and receiver of a condensing pump have capacities 
of ?~) c <?. and 1000 c.c. respectively. How many strokes will he required to raise the 
pressure of the air in the receiver from one to four atmospheres i (C. U. 1925 ) 


Pressure after u strokes, 1\, 


1 + w 


Vi 

y 


) 


atmospheres : 


where Vt = volume of the barrel, and V** volume of the receiver. 



1+,, "iooo) : 


or 120*= o/v ; or 77 = 40. 


Tf the pressure m a pump were reduced to » of the atmospheric pressure in 4 
strokes , to what would it he reduced in H styokes ? (Pat. 1931 ) 


Pressure L\ after 4 strokes, P A ■ 


■u*y 


P where P = original pressure, 


V- volume of the receiver, and V'— volume of the barrel. 

p / y \4 / y 

But y“(v+Y7 Xi< ‘ ■' YV+V7 


: r>r v+v'“v«* 
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After 6 strokes, P fl 



8 JV 


That is, the pressure is reduced to 


1 * 

8^3 ^ 1C or ^‘ na ^ P ressure - 


148. Water Pumps — These are instruments for raising water 
frbm a lower to a higher level, most of which depend on the principle 
that the atmospheric pressure is capable of supporting a column of 
water whose height does not exceed the height of the water barometer. 
This principle will be clear by considering the action of an ordinary 
syringe. 


The Syringe. — It is an instrument the working of which depends 
on the atmospheric pressure. It is the simplest type of water 
pump. It consists of a hollow glass or metal cylinder ending 
in a nozzle and provided with a watertight piston. When* the piston 
is drawn up from its lowest position in the cylinder (the nozzle being 
dipped under a liquid), a partial vacuum is created within the cylinder 
below the piston. So the atmospheric pressure acting on the liquid 
surface becomes greater than the pressure inside the cylinder and thus 
the liquid is pushed up into the cylinder. After sufficient liquid has 
been drawn into the syringe it is removed, when owing to the greater 
external pressure, the liquid cannot escapo through the nozzle. When 
the piston is pushed down, the pressure inside becomes greater 4 and so* 
the liquid is forced out. This is the underlying principle of all the 
pumps, which are described below, in which the water is said to rise by 
suction . The drinking of water by drawing it through a tube is also 
a familiar example of the principle of suction. 

Pen-filler — The ordinary pen -filler used for fountain pens, which consists 
of a rubber bulb fitted at one end of a piece of glass tubing drawn out to a 
jet,, works on the above principle. On compressing the bulb some air from 
inside the tube is driven out, and when the jet is now placed in the ink and 
tae pressure inside is released, ink rises up into the tube due to the external 
pressure on the ink surface being greater than the pressure inside the tube. 

In the self -filling fountain pen, the filler is inside the pep. It consists of a 
long rubber bag which is compressed by pulling out a metallic lever in the 
side of the barrel of the pen, The lever presses a metal strip against the bag 
and this drives out some ' air. On replacing tho lever after immersing the 
nib in ink, the pressure is released and so some ink is drawn-up into the pen. % 

148., Common or Suction 7 Pump (Xutyo-Well Pump).— This U 
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like an ordinary syringe with an extended nozzle T terminating beneath 
the surface of water D which is to be raised 
(Fig. 94). The nozzle, or the pipe, is con- 
nected below a barrel, or cylinder, AB in 
which a piston 5? works. Two valves or 
trap doors a • and b opening upwards are 
fitted, one at the bottom of the barrel, 
and the other within the piston. There is 
a spout E at the top of the barrel. 

Action. — When the piston is raised 
up-stroke, the pressure inside the barrel 
below the piston falls : the valve a, opens 
due to the pressure of the air outside the 
pipe T and the valve b closes due to the 
atmospheric pressure acting from above. 

The pressure on the surface of water in the 
pipe is tilths less than the atmospheric- 
pressure acting upon the water outside the 
pipe. Bo the water is forced up into the pipe. 

As the piston comes down down-stroke, the valve a is closed, and* 
the water in the barrel being compressed, escapes through the valve b. 
Further pumping will raise more water into the barrel, and finally 
water will rush through the valve b at the down-stroke and flow out 
by the spout E at the up-stroke. 

Om disadvantage of this pump is that it gives only an intermittent 
discharge on upstrokes only. 

Limitation of the Suction Pump. — It should be noted that 
water is raisod in the tube by the atmospheric pressure only, and 
the atmospheric pressure can support a vertical column of mercury 30 * 
inches in length, and a column of water (30 x 13‘6) in., or 34 ft. long, so- 
the ‘ head of water 1 ' above the water surface , i.e . the distance between the 
valve a and the surface of water D must not exceed tlu height of the water 
barometer, that is to say 9 34- feet. In practice, however, the height is 
less than 34 feet (practically about 25 ft. only) as the valves have got 
weight and the pump is not absolutely air-tight. This kind of pump 
is now being widely used in tube yells. 

Examples.— (1) What is the discharge of a pump having a diameter of 1 foot , 
a stroke of 2 feet, an 9 d worked att the rate of 20‘ shakes per minute ? 

The volume of the barrel of tho pump— r X (£) 2 X2* 1*5708 cu. ft. 

’in a single acting pump, the half of the number of strokes per minute is 
only effective in discharging water. Hence the volume of liquid discharged 
per minute 1*5708 x — 15*708 cu. ft* 

(2) The piston of a suction pump is 10 ft. above the level of water in a well, 
and the height of the water column ak&oe the* piston is 4 ft. If the diameter of the ■ 


'■“tfr* 
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Down -stroke. Up-stroke. 
Fig. 94 — Common Pump 
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- barrel is 6 inches, find in Ihs - wt . the force necessary to sustain the piston in its 
position . (2 cu.fi. of water weighs 62 6 Ihs ) 

Let h be the height of the water barometer. Then the pressure exerted 
under piston * (h — 10) ft. of water, and the pressure over the piston — (h + 4) ft. 
■of water. The difference of these two pressures *=(//.+ 4) - (ft — 10) = 14 ft. of 
water. Hence the necessary force- the wt. of the column of water of lit. 14 ft. 


and 


radius 



7rx(i) a x 14X627) lbs. 


171*87 lbs. 



150 The Lift Pump. — This pump 
is only a modification of the common or 
suction pump used to raise water to a 
desired height. Here the spout, is turned 
upwards and fitted with a valve 0 (Fig. 95) 
opening outwards. At every up-stroke of the 
piston the valve of the spout opens, and if 
the top and collar of the pump are water- 
tight, it would be possible to lift water up 
the spoilt. At the down stroke the 
valve G closes owing to the- pressure of 
the water collected on it, the valve h opens 
upwards and the valve a also closes owing 
to the pressure on it. 


U p - stroke. Do wn - stroke. 

Fig. 9i3. — Lift Pump. 


[Note. — If the piston be strong enough, water 
can be raised to any height, but the head of 
water below the pinion cannot e.vcrcd, the height 
«nf the ivater barometer (i.e. dj> ft.). if water bo the liquid that is bcing purnped. i 

151. The Force Pump. — The difference between this pump and 
the common pump is that here the piston is solid and the outlet is 
fitted to the bottom of the barrel with a 
valve b opening outwards. (Fig. 96). 

Action.— At each up-stroke the 
water rises into the barrel AB and at 
■ each down-stroke the valve a closes, and 
the water of the barrel is forced out, 
opening the valve b through the delivery 
pipe E. 

Arrangement for Continuous flow. - 

The disadvantage of tins type is that the 
delivery is intermittent , i.e . on down- stroke 
only. To overcome this, an air-chamber 
R (Fig. 97) is placed in the vertical 
portion of the delivery pipe beyond the 
valve b. At the time of the discharge of 
water on the down-stroke, some water , is 



Up-stroke. Down-stroke. 
' Fig. 96.-7Force Pump. 
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collected into the air-chamber which compresses the inside air. On^ 
the up-stroke the compressed air expands and forces water below it 
to flow up the pipe of the air-chamber and hence a contihuous flow 
is obtained. • 

[Note. — Applying sufficient force to the 
handle of the piston, water can be raised to any 
height if the machine be very strong. If the. height 
be very great, then water can be collected by one 
pump in a reservoir at a certain height from which 
it can be raised again by another pump .1 

Fire-Engines.— These are used for ex- 
tinguishing fire and are merely machine driven 
force pumps where a continuous flow of water 
is obtained with the help of an air-chamber as 
just described. 

In the "present form of the fire engine the 
continuity of the flow is maintained more 
efficiently by means of two force pumps connect- 
ed to a common air-chamber and working 
with alternating strokes. 

Points to be Remembered.-— The suction pump depends on the 
atmospheric pressure for its working, and the height to which it can* 
raise water is therefore limited to 34 ft. theoretically, — much less in 
actual practice. 

In a force pump, pressure is directly applied to the liquid by 
means of a piston, and this pump is not dependent on the 'atmospheric 
pressure. Th(? height to which water can be raised by such a pump 
depends on the strength of its parts and the power supplied (hand, 
steam, or electric). The maximum distance through which it is safe to 
raise water in this way is, however, about 300 ft. There is no valve 
in the piston of a force pump. 

152. The Siphon.— It consists of a bent tube with one of the 
arms AB longer*than the other Cl) (Fig. 98). It is used for trans- 
ferring a liquid from one vessel to another at a lower level. 

The tube is first filled with the liquid to be drawn off ; the two 
ends are temporarily closed with fingers, and then the shorter * leg is. 
placed in the vessel* below the level of the liquid, to be emptied. On 
opening the two ends, the liquid begins to flow. 
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Let P* atmospheric pressure, d m density of the 
liquid, fe, ft'* vertical heights of D and B above 
the respective liquid surfaces. 

The pressure pi at D urging, the portion of 
the liquid at D to the left*=P*fc d g . 

The pressure p 2 &t B urging the portion of 
the liquid at B to the right ^P-h'dg. 

,\ Vi~!P 2 s= W - h)d q . But h'^h. 

The pressure at D*" the pressure at B. 

ITence the water flows from D to B, and 
water from the vessel will be raised by the at- 
mospheric pressure to D for filling up the vacan- 
cy so caused. Thus the flow will be maintained. 

Conditions for the Working of the Siphon — (1) The end A of 

the tube must be below the level C of the liquid in the vessel to be 
emptied ; otherwise the pressure of the liquid at A (which is ordinarily 
equal to atmospheric pressure) + wt of the column {h! -h) will be less 
than the atmospheric pressure, and the liquid will not flow. 

(2) The height h must be less than the height of the corresponding 
liquid barometer ; otherwise the pressure of the atmosphere will not be 
able to raise the liquid to D. So the greatest height of h , in the case 
of water, is 34 ft. 

(3) The siphon 'would not work in vacuo, for the atmospheric 
pressure is non-existent there. 

(a) Effect of making Holes in the Siphon. — When a hole is 
made at any point in the longer arm AB (Fig. 98) aboye the surface G 
of water in the vessel in which the shorter leg is placed, air will enter 
because the pressure there is loss than the atmospheric pressure 
and so the working of the siphon will stop. 

If, however, a w r hole is made at a point in AB below the surface 
at C, the remaining portion above that point will still form a siphon 
through vMiich the liquid will continue to flow. 

Example. — The two a; ms of a siphon having an internal diameter of 2 inches 
are respectively 12 and 8 inches in length. The shot ter aim is immersed in a liquid 
to a depth of 2 inches. Calculate the velocity of flow of the hguid and aho the 
- amount of the liquid dischai ge through the siphon in one second . (<7 « 82*2 ft./ sec*.) 

The flow of the liquid depends upon the. hei’ght \ti- h) bee Fig. 98 ). So, we. 
have, from the law of falling bodies, the * Velocity of flow per sec., 
*v m *J%g[h 



Fig. 98 — Siphon. 
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Here hf “ 12 inches™ 1 ft. ; h, i.e. the actual height over the level of water 
*• (8 — 2) = 6 inches “O'G ft. 

/. v- J'2- 32*2(1 - 0 r 5) - 5'66 ft. per see. 

The amount of liquid discharged in one sec. “velocity of flow x area of the 

tube “ 5*66 x jirX ^ ^ j cu. ft. -0*123 cu. ft. 

153. Intermittent Siphon -Fig. 99 represents an intermittent 
siphon, which is an example of the application of 
the principle of a siphon. The vessel is at first 
empty, but as any liquid is poured into it, and the 
level of the liquid gradually reaches the top of the 
bend, the liquid will begin to flow to 0. If the 
supply ot the liquid is discontinued, or the liquid 
escapes faster than it supplied to the vessel, 
the flow wil] cease as soon as the shorter branch 
no longer dips in the liquid. But the flow will, 
however, resume when the level of the liquid 
reaches the bend again on the supply being restored 

Tantalus Cup —The above principle is applied in the toy siphon, 
known as the Tantalus Cup, where the siphon is concealed inside the 
figure of Tanialus, placed inside a vessel. 

Automatic Flushes. — The same principle is also applied in 
automatic flushes fitted in public latrines, etc., where a siphon is fitted 
inside a tank, which is emptied as soon as water fills the bent pipe. 

154. The Diving-bell.— When a tumbler is inverted and lowered 
vertically under water, we notice that there is a slight rise of water 

in the tumbler. As it is depressed further 
into the liquid, the enclosed air is under a 
pressure which increases, and there is only a 
little water rising into the vessel. This prin- 
ciples is applied in the diving-bell which is a 
heavy hollow cylindrical metal vessel open at 
its lower end. It is lowered into water to 
enable divers to go to the bottom of deep water 
to do some work 'Fig. 100). The tension in 
— the chains which supports the bell is equal to 
Fig. 100— piving-beil. the weight of the hell minus the weight of 

water displaced by, it, and this tension 
increases as the bell sinks mote and more and the weight of displaced 
water becomes less. 
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Taking 34 ft. as the height of water barometer, the pressure of 
air within the bell at a depth of 34 ft. will be 2 atmospheres ; conse- 
quently the volume of air is halved, and the water would rise half-way 
up the diving-bell. As this is obviously inconvenient f<?r the workmen 
inside the bell, a constant supply of fresh air is pumped into the bell 
through a pipe in order to pro vent water from entering the chamber 
and also to enable the workmen to breathe. 

Examples. - (J) A bottle whose volume is ?)Q0 c c. is sunk mouth downwards 
below the surface of a tank containing wafer. How far must it be sunk for 100 c.c. of 
water to iun up into the bottle ,f The height, of a baiometer at the surface of the tank 
is 760 «iw. and the sp. gr. of mercury is 13' 6. (Pat, 1928) 

The volume of the air inside the bottle, when 100 c.e. of water rushes in 
53 500 — 100=400 c.c. 


If P be the pressure in crus, when the volume of the enclosed air is 400 c.c.. 
then, by Boyle’s Law, P x 400 = 76 x 500 ; or - 95 enis. 


.*. The pressure exerted by water only = 95 — 76= 19 cms. of mercury 
£.<?. = 19 x 18'6 cms. = 258*4 cms. of water, (v atmos. press. = 76 cms.) 
.*. The bottle must be sunk below 258*4 cms. of water. 


(£) Find to what depth a diving hell must be lowered into water in order that 
the volume of air contained may be diminished bg one quarter, the length of the bell 
being 3 metres , atmospheric pressure 700 mm. of mercury , and the sp. gr. ■ of mercury 
13’6. (Pat. 1943) 


Length of the bell =3 metres = 300 cms. 

If P be of the total pressure in cms. when the bell is lowered into water in 
order to diminish its volume by one quarter, we have, by Boyle’s Law, 

(300 X <) x 76 = (J X 800 x x) x Z\ where < is the area of the base of the bell ; 

_ 76X4 76X4X13*6 . 

P= - — cms. of Hg.= cms. of water. 

6 a 

The pressure exerted by water only 


p * _ ( 76 * ,3.,,) | , » *jks 


cms. of water. 


The volume of air inside being diminished by one quarter, the height of 
water inside the bell =1 x 300 = 75 cms., and so length of air inside = (* x 300) 
= (8 x 75) cms. 


The depth to which the bell is lowered, i.e. the height of water from 

f 76 x J 3*6 

the surface up to the top of the bell= j- (3 x 75)} cms . « 119*53 cms. 

& 15 
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Questions 

Art. 142. 

1. Describe in detail an air-pump giving a diagram. 

(C. U. 1923 ■; Pat. ’25, ’29, 88 ; All. ’25, ’27). 

After four strokes the density of the air in the receiver of an air-pump is 
found to bear to its original density the ratio of 256 to 625. What is the ratio 
of volume of the barrel to that of the receiver ? (C. U. 1923) 

(See also Art. 143) \Ana : 1 : 4] 

2. Describe briefly the action of air-pump in its simplest form and explain 

how the degree of rarefaction produced by a given number of strokes can be 
approximately calculated. Can the apparatus you describe create perfect 
volume ? If not, why ? (Pat. 1931, ’38, ’41) 

Art. 142(a). 

3. If the cylinder of an air-pump is one-third the size of the receiver, 
what fractional part of the original air will be left after 5 strokes ? What will 
a barometer within the receiver read, the outside pressure being 75 cms. ? 

(Pat. 1929) 

[Hints. (Fid = (3/4) * ; again, P 4 « (3/4) 6 X 76] . 

4. Compare the pressure in the receivers of a condensing and exhausting 

air-pump after the same number of stroke in each case and account for the 
fundamental difference in form of the two expressions. (Pat. 1931). 

(See also Art. 146) 

5. Describe a double-barrelled air-pump and explain its action. 

(C. U. 1938, ’47) 

6. £ mercury barometer is in the receiver of an air-pump, and at first its 
height is 76 cms. After two strokes the height is 72 cms. What will it be 

.after ten strokes. (Neglect the volume of the barometer.) (Pat. 1987) 

[Arts : 57 cms.] 

7. Explain the mode of action of a foot-ball inflating pump. (Pat. 1929) 

Art. 143. • 

7(a). Write a short note on ‘Filter pump’. (All. ’46) 

Art. 144. 

8. Describe in detail with a diagram a condensing pump and its mode of 

.action. (C. U. 1925) 

Art. 147. 

9. Describe, with the help of a neat sketch, the working of an ordinary 
1 bicycle-pump, and the action of the valve in the bicycle tube. (Pat. 1944) 

10. Describe a suction pump. Water cannot be raised to a height much 

greater than 30 ft 4 by means of such a pump. State the reason for this and 
describe a laboratory experiment by which you prove your explanation to be 
correct. (C. U. 1930, ’24 ; Dac. 1932) 


13 
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11. • Describe in detail with a diagram a common pump and its mode of 
action. Is there any limit to the depth from which it can raise water ? 

(C. U. 1924 ; Pat. ’88 : Dac. ’82.) 

Arts. 150 & 151. 

12. Explain clearly the working of the usual types of Lift or Force pumps. 

A lift pump is usedgto pump oil of sp. gr. 0*8 from a lower into an upper 
tank. What is the maximum possible height of the pump above lower tank, 
when the pressure of the atmosphere is 76 cms. of mercury ? Is this height 
practically obtained ? Give reasons for your answer. (Pat. 1920) 

IHints. AXttX0 , 8Xy = 76XtfXl3'6X( 7 ; 7,-— 6 -1292 cm.] 

0 8 

Art. 152. 

18. Explain the action of a siphon. 

(C. U. 1926, ’37 ; Pat. ’21 ; Dac. 26 ; All. ’46) 

14. A siphon is used to empty a cylindrical \essel filled with mercury. 
The shorter limb of the siphon reaches the bottom of the vessel which is 

I 46 inches deep, but it is found that mercury ceases to run before the vessel is 
empty. Explain this observation, and calculate what fraction of the volume 
of the vessel will remain full of mercury. The barometric height may be 
taken as 80 inches. (Pat. 1935 ; cf. 0. U. 1926 ; Dac. ’ 30). 

[Ana ; $.] 

15, Explain the principle and use of the siphon, and state how the 

principle is used in Tantalus cup. (C. U. 1928) 

(See also Art. 153). 
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CIIAPTEH I 

Heat, Temperature, Thermometry 

1. What is Heat ?— When we touch a lump of ice we feel cold. 
When we stand in the sun we feel hot. The cause of these sensations 
is called heat. But what is its real nature ? What does a body gain 
or lose when it becomes hot ? Until less than a hundred years ago it 
was thought that when bodies rose or fell in temperature they took in 
or gave out rf weightless fluid called caloric. This theory has, however, 
been completely abandoned. The explanation now given is that a rise of 
temperature is caused by the quickening of the movements of molecules 
composing the body, and a fail in temperature is caused by a slowing 
down of the molecular movements. 

Every one knows that friction produces heat. When we rub a 
piece of. wood against another, we increase the movements of their 
molecules which produce heat. This molecular movement is brought 
about because they are gaining energy at the expense of the mechanical 
* work we do at the time of rubbing. Again, when we pump up a 
bicycle tyer, heat is produced at the expense of work done, that is, the 
heat is due to the energy spent in forcing the air into the tyre. The 
heat is not due io friction, as it will be seen that very little heat will 
be produced by only pumping up and down without attaching it to the 
bicycle tyre. When coal burns in air, the quantity of chemical energy 
lost is received by a body put in it as the energy of heat. 

Heat is, therefore , a form of energy and may be defined as the 
energy possessed by a bodv as a result of the internal vibrations of the 
molecules of which the body is composed. Thus, to heat a body is to 
increase its stored energy and to cool a body is to diminish its store 
of energy. 

2 Temperature. — When on touching two substances A and B 
we feel A hotteif than B, we express it by saying that the temperature 
of A is higher than that of B. Temperature is, therefore, a measure of 
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the hotness , or coldness, of a body . It is the thermal state ot a 
body which determines whether it will give heat to, or receive 
heat from, other bodies. Heat tends to flow from a body at a higher 
temperature to a body at a lower temperature just at water flows from 
higher to lower levels. Thus heat and temperature are analogous to 
water and level . 

3. Heat and Temperature. — It is no doubt that the terms heat 
and temperature are closely related, but it should not be thought that 
they convey the same meaning. They should be distinguished by 
considering the following. — (a) If a red-hot iron ball is put in a bucket 
of warm water, the ball will loso some of its heat, and water will gain 
it. In this case, the quantity of heat contained m water is likely to be 
much greater than that in the ball, but it is temperature, and not the 
amount of heat, which determines the flow of heat from one body to 
another, ( b ) Temperature is no more heat than the level of water in a 
tank is the water itself (see Art. 2). (c) Temperature is the thermal 

condition of a body, and is quite different from the amount of heat 
energy in the body, (d) Two bodies may have the same temperature, 
but different quantities of heat. A spoonful of a sweet liquid taken 
from a larger quantity will be as sweet as the larger, though it does not 
contain as much sugar. So the temperature of boiling water in a tea 
cup may be the same as that in a big bucket, but the quantity of heat 
in the water of the bucket will be much greater, because the quantity 
of heat contained in a body depends on its temperature as well as on 
its mass. 


4. Effects of Heat : — 

(1) Change of State . — When water is heated for some time it 
changes into steam (a vapour). When water is cooled, i.e. heat is 
withdrawn from it, it may change into ice (a solid). 

(2) Ghanqe of T emperature (without change of state). — When a 
body absorbs heat its temperature rises, and when it gives out heat its 
temperature falls, except when it is not changing its state, as water 
into steam, or water into ice. 

(3) Change of Dimension . — Every body, whether a solid, a liquid, 
or a gas, expands on heating and contracts on cooling. 

{i) Change of Composition . — (Chemical change). — The composi- 
tion of many substances, when heated, is changed altogether. Sugar, 
for example, when heated in a test tube is turned into carbon, which is 
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left at the bottom of the tube, and water vapour, which condenses at 
the top of the tube. 

(5) Ghange % of Physical properties . — Many bodies when heated 
show weakness possibly due to some internal rearrangement of their 
molecules. hus, iron when heated to redness differs materially from 
iron at ordinary temperatures, and ordinarily glass when heated 
becomes weakened. 

(6) Electrical effect. — When by heating one of the junctions of 
two dissimilar metals, say copper and iron, a difference of temperature 
is produced between the junctions, an electric current flows into the 
wires. This is known as thermo-current (see Ch. V. Part VII). 

5. Measurement of Temperature. ( Thermometers ). — Wo can have 
an idea about temperature, i.c . the degree of hotness, by our sense 
of touch. But the measurement of temperature by our sense of 
touch often gives unreliable and inaccurate results. This sensation 
depends upon, (i) the amount of heat transferred to the skin of the 
body from the substance touched, when the temperature of the 
substance is higher than that of the body ; or from the skin to the 
substance, when the temperature of the substance is lower than that of 
the body, and on (n) the conductivity of the substance , that is, on the 
rate at which heat is transferred. As this sensation is not a safe 
guide in the correct and numerical measurement of temperature, 
instruments, called thermometers , are devised for the purpose, where 
a change in temperature is recorded by a change in volume of a suitable 

• substance or changes in some other property of the substance. 

6. Choice of a Thermometric Substance.— In choosing a subs- 
tance for preparing a thermometer it is necessary to see that {a) the 
substance alwatfs shows the same temperature for the same hotness ; 
(b) the temperature changes continuously with the change of the degree 
of hotness ; (c) the substance is convenient to use ; (d) the expansion of 
the substance is fairly large . 

Liquids are suitable as thermometric substances as their ex- 
pansions are moderate ; whereas solids expand little, and gases expand 
very much. Of all liquids mercury has been found to be the best on 
account of its malhy advantages (Art. 11). 

• It should be noted that the most reliable way of measuring tempera- 
ture is by making use of the expansion of gases (see Art. 35). 

7. Construction of a Mercury Thermometer.— A thick-walled 
capillary glass tube of uniform bore with a bulb B blown at one end 
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IB taken. At C, near the open end, the tube i8 heated and drawn 
out so ag to make a narrow neek there. 


A email funnel E is fitted at the open end by means of a piece 
of rubber tubing (Fig. 1). Some pure and dry mercury is put in the 
funnel E> but the mercury cannot get into the tube 
owing to the contained air and the fineness of the bore. 
The bulb is heated gently to drive out some of the air 
in it, which, on cooling, contracts in volume, and so 
mercury from the funnel passes down the tube into the 
bulb. This process of alternate heating and cooling must 
be repeated several times till sufficient mercury has 
entered to fill the bulb and the lower part of the tube. 
The funnel is taken away and the bulb is strongly heated 
until the mercury fills the whole of the tube, which is 
then sealed at G by a blow-pipe flame. Mercury having 
filled the entire tube, the tube is free from air. On 
cooling, the mercury contracts, and, at ordinary tempe- 
ratures, fills the bulb and a part of the stem. Thereat 
Fig. 1. of the tube contains only a negligible quantity of 
mercury vapour. 


i 


Three points are to be observed regarding thermometer cons- 
truction. — 

(1) The size of the bulb and the bore of the tube will depend upon 
the sensitivity of the thermometer and the number of degrees and 
their subdivisions which the thermometer is to register ; that is, a 
thermometer to read to l/5th L or l/10th° must have a longer tube with 
a finer bore than a thermometer reading only to 1°. 

(2) The quantity of liquid used should be small so that it might 
take as little heat as possible from the source whose temperature is 
being recorded, otherwise it will result in a lowering of that tempera- 
ture. Thus the bulb should be smaller in size. 

(3) The bulb of the thermometer should be made thin so that the 
heat from the source may quickly pass through to warm up the liquid, 
and thus the thermometer will be quick in action. 

8. Graduation.— ‘The tube being filled with mercury and sealed,, 
it should be left out for several days to enable it 1 to recover its 
Original volume. Then, for graduation, the two fixed points are to be 
dotermiiaed. 
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Lower-fixed point (or Ice point ) — It is the temperature at which 
pure ioe melts under normal atmospheric pressure. Since its varia- 
tion with pressure is very small, it is determined under 
the ordinary atmospheric pressure and no correction 
is necessary- The funnel F (Fig. 2) contains powdered 
ioe washed with distilled water. A hole is made in 
this ice and the bulb of the thermometer (F) is inserted 
in it while the thermometer is held vertically in it 
by means of a stand. The mercury column descends 
and after sometime takes a stationary stand , when the 
position of its top is marked on the glass. This gives 
the lower-fixed point. 

Upper fixed point (or Steam point). — It is the 
temperature at which pure water boils under the normal 
atmospheric pressure. It is usually determined under 
the ordinary atmospheric pressure and correction is 
then made remembering that the boiling point of pure water varies 
directly by 1 C. as the superincumbent pressure changes by 27 mins. 

The thermometer T is inserted into the inner chamber of a hypso- 
meter (Fig. 3) leaving the upper part projecting out above the cork 0. 

The boiler 1) contains water upto a level below 
the bulb of the thermometer. It is heated and 
the steam generated by boiling water heats up 
the mercury of the thermometer. The heating 
is regulated in order that the pressure of steam 
may be equal to the atmospheric pressure out- 
side, which is indicated by the equality of the 
Hg-levels in the manometer M. *4Vhen the 
Hg-top in the thermometer is observed to have 
become stationary, it is marked. The thermo- 
meter is held in the steam, and not in the water, 
because the temperature of the latter may be 
higher than the boiling point corresponding to 
the atmospheric pressure duo to any dissolved 
impurity. 

After locating the positions of the two fixed 
points oh the stem, the interval between the 
points is divided into the appropriate number 
Fig. 3 - Hypsometer q{ parts, called degrees, in some desired 

scale of tempefla-ture. 

This method of marking assumes that the bore of the tube is 
uniform and that the liquid expands uniformly . 
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Should the Bore of tube be uniform ? — Unless the bore is uni- 
form, equal rise of Hg. in the tube will not indicate equal rise of 
temporature and so the graduation shall have to be done point to 
point throughout the bore. Such action being tedious *'and costly, a 
tube of uniform bore is selected for commercial success. 

8 (a) Two Sources of Error. — (l) Non-uniformity of the bore . — 
Each degree of a thermometer represents equal change of temperature, 
which is measured by a change of volume of a certain mass of the 
thermometric liquid contained in the bulb. When the temperature 
rises, the liquid column moves along the stem of the thermometer, and 
the movements of the liquid column due to corresponding changes of 
volume of the liquid will be uniform only if the bore is uniform ; 
otherwise each small part of the stem will not indicate equal rise of 
temperature. 

(#) Temperature of the Exposed Column . — At the time of using a 
thermometer for recording a temperature, a part of the stem remains 
outside the substance, the temperature of which is different from that 
of the bulb and the rest of the stem below it. So the temperature 
recorded will be lower than the actual temperature ; and thus it is 
desirable to include as much of the stem as possible inside the substance 
whose temperature is to be taken. 

8. (b) The Hypsometer. — Hypsometer is a Greek word meaning 
a ‘measurer of height*. The apparatus (Fig. 3) is used for the deter- 
mination of the boiling point of a liquid from which measurement of 
the height of the place can be made. It consists of a brass vessel 
having the internal chamber B and the chamber A external to it 
closed at the bottom, B being in communication with the boiler I). 
The manometer M t open at both ends, indicates the pressure of the 
vapour inside. The vessel is closed at the top by means of a cork C 
through which the thermometer T is inserted sucli that its bulb is 
above the level of liquid in the boiler. The vapour rises along the 
internal chamber and passes down the external chamber and finally es- 
capes through the exit tube E into the atmosphere. The liquid form- 
ed by condensation is received hy the receptacle as shown in Fig. 3. 
The outer chamber containing the heated vapour protects the vapour in 
the inner chamber from condensation. When the level ^of liquid in the 
manometer is the same in both the limbs, the pressure is atmospheric. 

9. Seales of Temperature. — There are three scales of temperature 
in use ; Fahrenheit, Centigrade, and Reaumur. 

Anders Celcius (1701 — 1744), a Swedish astronomer, introduced a scale by 
taking 0° as the boiling point’ of water and 100 6 C. as the melting point of ice. 
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Then at about 1742 Linne introduced the Centigrade scale by reversing the 
above with melting point of ice at 0° and boiling point of water at 100°C. 

l ahrenheit scale was devised by Fahrenheit, a German philosopher 
(1686 — 1736), at atiout 1709 in which a temperature of the freezing mixture 
of snow and common salt (which is much below the melting point of ice) was 
taken as the zero of his scale. The melting point of pure ice, according to 
this scale, was taken as 32°, and the boiling point of water as 212°, under 
normal atmospheric pressure. This scale is generally used by doctors and 
meteorologists and engineers. 

Reaumur scale was introduced by Reaumur (1683 — 1757), a French 
philosopher in 1731 in which the melting point of ice was taken as 0° and the 
boiling point of water, under normal atmospheric pressure, as 80°. 

The Fahrenheit scale is generally used in England for household 
purposes. It is also used in constructing clinical thermometers. 
The Centigrade (from L. Centum , a hundred + qradus, step) scale is 
used in scientific works all over the world. The Reaumur scale is used 
in some parts of the continent and Russia. 


” wliaL 
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Fig. 4 

The distance between the two fixed points of a thermometer is 
•called the Fundamental Interval, which is 180 for Fahr&Sbeit, 100 
for Centigrade, atfid 80 for Reaumur scale (see Fig.4 and also Fig. 27)‘ 
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Comparison. — We find that, 100°C. “ 180°F. «* 80*R. 

or, 1°C. “ s of 1°F. ■■ f of l“R. 

Let P (Fig. 4) be the position of the top of the mercury thread, and 
let F, C, R, be the readings of the temperatures on the three scales, 

AP F- 32 0-0 R-0 F- 32 C R 

then ’ Tb~ lif” 100“ 80 ’ ° r ’ 9 5“" 4 


Remember that 1 Centigrade degree is nine*fifths of a Fahren- 
heit, and 1 Fahrenheit degree is five-ninths of a Centigrade 
degree 


Examples 1 — Calculate the temvei ahite winch has got the same value on lioth 
the Cenitgiade and the Fahrenheit scales. 


j _ g2 j 

Let x be the value required, then, = r > or, 5/ — 160 = 9 jt , 

2 o 

% 

or, — 160 * t e. x- — 40 Thus, - 40°C when converted to the Fahrenheit 
scale will also be —40° , or, — 40°C. — —40 °F 


2. The same temperature when read on a Centigrade and a Reaumur thermometer 
gives a differ ence of 2°. What is the number of degj ees indicated by each thermometer * 

Let x = Centigrade temperatuie, and let ij- Reaumur temperature 

Then, we have, x-y-l ... ... ... ... (1> 

Now, x°C. transformed into Reaumur degiees * x x f = g 

.*. from (1), (X + y)^ = f/ , .*. // = 4 °lt. 

But 4°2?. ■= 4 x -J- 5°C. .’ . The required temperatures are 5 °C. and 4 °Ii. 

$ Find out the temperature when the degree s of the Fahrenheit thermometer 
will be 5 times as the con espondmq degrees of the Centigrade thermometer . 

Let x ™ Fahrenheit temperature and g * Centigrade temperature 

then £ = ... (i)» 

But x°F . transformed into Centigrade degree = (a? - 32) $ ■» y. 

f. from (1), (5// +32) $ = y ; or, 16*/= 160 , \ y= 10°C. 

And 10°C. = (10 x ^) + 32 = 50°F. 

Hence the required temperatures are 10° C. and 60 °F. 

4, Two thermometer s A and B are made of the same kind of glass and contain 
the same liquid. The bulbs of both the thermometers are spherical. The internal 
diameter of A*is 7*6 mm , and t)ie radius of cross-sexton of its tube is 1 25 mm. . the 
corresponding figures of B being 6*2 mm. and 0*9 mm. Compare the length of a 
degree of A with that of B* 



Let Z x and 7 a be lengths corresponding to 1 ° rise in temperature for A and B 
respectively and 7 the apparent coefficient of expansion of the liquid. Increase- 

/7T>\ 3 

in volume of the liquid in the bulb of A for 1 ° rise — I - J x 7 x 1 ; and this 


must rise in the tube, the volume being »(l'25)*7 1 ; .*. ^ g / * 7 * * 

—it ( 1*25) 2 7 1 . Similarly for I?, x 7 x 1 *w(0 , 9) 5fl 7 a ; 


Mi‘25) 2 

/ 2 fo*9)* 


(7'5 ) fl 
(0*2)® ; 


whence -~ = 
f 2 


1 ’ 00 _ 
1*09 * 


10. Corrections for Thermometer Readings. — The temperature* 
at which wafjpr boils depends upon the atmospheric pressure. It is 
100°C. when the atmospheric pressure is normal, i.e. 760 mm. The* 
temperature at which water boils increases or decreases with the 
increase or decrease of the atmospheric pressure. For small deviations 
from the normal pressure there is a chanqe of 1°C. in the boiling point 
of water for a change of about 27 mm. in the atmospheric pressure , and ‘ 
so a change of about two-thirds of a degree Fahrenheit for 10 mm. 
change of pressure. The effect of change of pressure is, however, 
negligible on the freezing point of water, which is lowered only by 
about 0*0073 of a degree Centigrade for one atmosphere increase of 
•pressure. 

So the fixed points of a thermometer can be corrected at any Ibflne by read- 
ing the height of the barometer. This will be clear from the following observa- 
tions : — 


Atmospheric pressure “754*96 mm. 

Difference from the normal pressure- 760-754*96 = 5*04 mm. 

There is a variation of 1 °C. for a change of 27 mm. in the atmospheric 
pressure. . The required cojrrection — 5*04 ■+■ 27 = 0*186°. 

But as the observed atmospheric pressure is less than the normal 
pressure, the steam point will be less than 100°C. Thus the true steam point 

- Udo - tri8q) « 99-814’C. 

Observed steam point **99?6 0 C. Error at steam point— 96*6-99*814 

— -0'214°C. .*. Correction at steam point* +0’214°C. . 
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If for the above thermometer the freezing point is 0*5° above zero, 

the error is + 0'5°C., and the 
correction to be applied is 
- 0‘5°0. Thtts plotting these 
two points on • a squared 
paper, the straight line (Pig. 5) 
joining these two points will 
indicate the corrections at 
intermediate temperatures. 
Prom the graph it is evident 
that no correction would 
be required at 70°C. 

Examples — 1. The stem of 
a Fahrenheit thermometer has a 
scale upon it which is graduated 
in equal parts. The reading of 
the ice-point is $0 and of the 
steam-point 300 . What is the 
reading indicated by the thermome- 
ter (a) ivhen placed in steam at a 
pressure of 73 cm. of mercury , and 
(b) in water at 50°F. 

(а) Here 300- 30 = 270 scale divisions are equivalent to 180°F. 

• 1 scale division = (2/3)°F. 

The difference of pressure (76-73) = 3 cm. For 10 mm., i.e . 1 cm. change 
in pressure, the boiling point is changed by *2/3°F. For a change of 3 cm. in 
pressure, the change in boiling point “3 x|«=2°F. The true steam point 

«• 212 - 2“ 210°F. ( - 2 is taken because the pressure is below normal). 

Now, 2°F. is equivalent to 2 + § = 3 scale divisions of the thermometer. 

Hence the reading indicated by the thermometer = 300 - 3 * 297. 

(б) The temperature of water is 50°F. = (32+ 18)°F. 

“ The reading is 18°F. above the ice-point, which is 30 on the scale. 

Now, 18°F. is equivalent to 18-*-§ = 27 scale divisions. The reading 

is 30 + 27 = 57. 

3, If, when the temperature is 0°C., a mercury thermometer reads + O' 6° C., 
while at 100°C.> it reads 100' S°C., find the true temperature when thermometer reads 
£0°C. f assuming that the bore is cylindrical and the divisions are of uniform length . 

(C. U. 1926). 

The thermometer reads 0*5°C. for 0°0. and 100‘8°C. for 100°C. So there are 
’8-0*5) = 100*3 divisions between the two fixed points of this thermo- 
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meter. Each division of the above thermometer ** of a true Centigrade * 

division. When the thermometer reads 20°C., there are (20-0*5) or 19*5 divi- 
sions above the freezing point. Hence the true temperature of the thermo- 
meter when it reads 20°C. = = 19’442°C. 

t 100 o 

3. When the fixed points of a Centigrade thermometer are verified , it reads 
0*5°C. at the melting point of ice and 99'2°C. at the boiling point of water at normal 
pressure. What is the correct temperature when it reads 15°, and at what temperature 
is its reading exactly correct ? (Pat. 1944) 


The fundamental interval = 99’2 - 0*5 = 98'7 divisions. Let x be the correct 


temperature, then, we have 


15 - 0*5 
987 


-100°C., whence *=147°C. 


x 

100 ’ 


when normal 


boiling point 


Again, let the reading be exactly correct at *°C., then 


t_2 0*5 
987 


or 100*- 50-1*87* ; or * = 38*5°C. 


*_ t 
100 ; 


11. Advantages of Mercury as 0 Thermometric Substance. — 

(1) It can be used through a very wide range, i.e. from -39°C. 
to 350°C. 

(2) It does not require much heat to raise its temperature ; so 
the temperature of the body with which it is in contact is very slightly 
affected. 

• (3) It expands uniformly. 

(4) It quickly transmits heat throughout its substance, so it 
readily assumes tbe temperature of the substance in which itTis placed. 

(5) It can readily be obtained pure. 

(6) It is a shining opaque liquid and does not wet glass. 

12. Different Forms of Thermometer. — 

(1) Mercury-in-Glass Thermometer. — These have been dealt 
with before. (See Arts. 7 & ll). 

(2) Alcohol Thermometer. —Alcohol is sometimes used as a 
'thermometric substance instead of mercury. Its advantages and 
disadvantages are given below : — 

Advantages.— (a) For the measurement of low temperatures 
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* alcohol is used as the thermometrio substance instead of mercury, 
because it has the advantage of a much lower freezing point (-130°C.) 
compared to mercury (~ 39°C.). 

(6) The expansion of aloohol is high compared with that of 
.mercury, so alcohol is more sensitive as regards expansion. 

(c) It is a light liquid which wets glass, and thus a thread of 
.alcohol can move smoothly in a tube of very fine bore. 

Disadvantages . — (a) Alcohol cannot be used for high tempera- 
tures as it boils at 78 C., whereas mercury boils at 357°0. 

( b ) The expansion of alcohol is not as uniform as that of mercury, 
and for this reason alcohol thermometers are usually graduated by 

-direct comparison with a mercury thermometer, both being placed side 
.by side in the same bath. 

(c) It is a bad conductor of heat in comparison with mercury. 

(d) It is highly volatile and so it begins to distil and readily 
* collects at the top of the stem, which being colourless is less likely to 

be noticed. 

(e) Mercury is opaque and so it can be easily seen in glass, but 
.alcohol has to be coloured with a dye. 

(/) Alcohol wets glass, so a film of alcohol sticks to the side of 
glass when the temperature falls. 

(3) Water Thermometer. — Water has almost all the disadvan- 
tages of alcohol and its advantages are very few. Besides this, it 



Fig. 6. Maximum and Minimum thermometers 


<sannot be used as a thermometrio substance due to its peculiar beha- 
viour between 0°C. and 10°0., which has been discussed in Art. 26. 

(4) Gas Thermometer — These have been dealt with in Art. 86. 
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(5) Maximum and Minimum Thermometers .— The maximum 
thermometer (Fig. 6) registers the highest temperatures attained during 
a period. 

It is an ordinary mercury thermometer with a constriction in the 
tube just above the bulb. When the thermometer gets heated, 
mercury rises’in the tube, and, when cooled,; the mercury column 
breaks at the constriction. The mercury left in the tube registers the 
highest temperature. To use it again, the mercury is driven into the 
bulb by giving a few jerks. 


The Clinical Thermometer ( Doctor's thermometer) is a maximum 
thermometer constructed on the above principle (Fig. 7). It is used 
for measuring the temperature of the human body. It is y-v 
graduated from 95°F. to 110°F. which give the maxi- 
mum limits of human temperature. 

In the minimum thermometer alcohol is used as the 
thermometries substance. There is a dumb-bell shaped 
glass index inside the alcohol, which is carried back to 
the lowest point by means of the surface tension of alcohol 
(see Art. 100, Part I). To set the thermometer, it is tilted 
until the index touches the meniscus. Fig. 6 illustrates 
Eutherford’s maximum and minimum thermometers, both 
of which are used in a horizontal position. 

Six’s. Thermometer (Fig. 8) is a combined form of 
maximum and minimum thermometer. 

. It consists of a graduated CJ-tube with a bulb at each 
end. The tube on the right-hand side of Fig. 8 and a part 
only of the bulb at that end contain alcohol. The upper* # 
part of the bulb contains abohol vapour only, and so room j^g. 7 
for expansion is left there. The bent tube contains a column Clinical Th- 
of mercury which merely serves as au index , as its move- ermoraeter 
ment indicates expansion or contraction of alcohol which is above it, 
and also in the other tube which is completely full of alcohol. The 
alcohol in the left-hand tube and the bulb constitute the real ther- 
mometric part of the instrument. A small steel index fitted with a 
spring (shown on the side of Fig. 8) is inside the tube at each end of 
the mercury column. Each index can be* brought into oontact with 
\ the mercury head at each end by means of a magnet applied outside 
•the 'tube. 


When thb temperature rises, the aloohol in the left-hand tube 
expands and so the merottry thread on the right-hand tube rises up. 
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pushing the index before it* When the temperature falls, that mercury 
thread comes down leaving the index in its position 
Us it is prevented from returning by the spring), 
(( 0 /) but merour y thread in the left-hand tube rises 

\ // up Pushing the index before it, which remains there 

.)) ( (, when the alcohol expands again due to rise in 

flfiRfllH tomperature. Thus, the lower end of the index in 
the left-hand tube shows the minimum temperature, 
'll TTT| while that in the right-hand tube shows the 

* q KjA| maximum temperature. 

(a) Measurement of High Temperatures. — 

• M lift " 1 Mercury thermometers are ordinarily used up to 

*11 350°C.. but they can be used for higher tempera- 

' m 111* tures by introducing an inert gas like nitrogen or 

*11 |D a argon in the tube above mercury. This gas prevents 

*11 JH' mercury from boiling by exerting pressure on it. 

|B« (The reason for this will be explained in a later 

chapter.) In this way mercury thermometers can 
-MM* be used up to 600°C. or 700°C. But as glass softens 

PM 111* ab.we 450°C , quartz or silica must be used ins- 

M H* tead of glass. An instrument used for the measure- 

HR B’" ment of high temperature is called a pyrometer . 

Generally liquid thermometers are not suitable for 

[ this purpose. A constant volume, or constant 

pressure, gas thermometer may be used for this pur- 
pose, if the bulb is made of porcelain, instead of 
Fig. 8 — Six’s glass ( see Art. 34). The most reliable way of 

Thermometer the m0asure nient of temperature is by using gas as 

thermometric substance. 

SOME NOTEWORTHY TEMPERATURES 



Deg. ('. 


Deg. C. 

Sun 

6000 

Mercury boils 

357 

Electric arc light 

3400 

Mercury freezes 

39 

Iron melts 

3500 

Blood heat 

37 

Iron white hot 

1000 

Very great cold 

50 

Hydrogen boils, — 

-252 to — 258 

Red heat 500— 

-1000 

Hydrogen solidifies,- 

-256 to- -257 

White heat, above 

1000 

Lowest temperature obtained -272 C. 



Questions 

Art. 4 

1. Distinguish between temperature and quantity of heat. 

. (C. U. 1934 ; Pat. 1921). 
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Art. 7 

2. Briefly describe the process of constructing a mercury-in-glass thermo- 

meter. Why is it necessary to note the height of the barometer when deter- 
mining the upper point of a thermometer ? Qow would you prepare a 
thermometer if y6u are in a deep coal mine ? (Fat. 1932). 

[Hints. —See Arts. 7 and 10. Note the barometric height inside the coal 
mine and calculate the boiling point of water which will be the upper fixed 
point of the thermometer.] 

3. There are two thermometers of which one has the larger bulb and the 
other finer bore. Explain the advantages and disadvantages in each case. 

(C. U. 1941) 

Arts. 7 & 8 

4. Describe the construction of a mercurial thermometer. Is it necessary 

that the tube should be of uniform bore throughout ? Give reasons for your 
answer. How is it graduated ? (C. U. 1926, ’41, ’45 ; cf. Pat. 1920, ’22, *44). 

Art. 9 & 10. 

5. What is meant by the ‘Fundamental Interval* (F. I.) of the thermo- 
meter scale in a thermometer ? Describe an experiment to determine it 
accurately. 

A thermometer A has got its F. I. divided into 45 equal parts and another 
B into 100. If the lower point of A is marked 0 and of B 50, what is the 
temperature by A when it is 110 by B ? (Pat. 1940) 

L Arts : 27°] 

6. The boiling point of sulphur is 444'6°C. What Fahrenheit temperature 
does this correspond to V 

[An» : 932 *3F.] 

7. The freezing point of a Fahrenheit thermometer is correctly marked 

•and the bore of the tube is uniform, but it reads 76‘5° when a standard Centi- 
grade thermometer reads 25°. What is the reading of the boiling-point on this 
Fahrenheit thermometer ? * (L. M.) 

Uws:210°.] . 

8. A thermometer, having a tube of uniform bore and divided into degrees 
of equal length, reads 20° in melting ico and 80° in steam at 100°C. Find what 
it would read at 100°F. 

[A ns : 42f°] 

9. How would you test the accuracy of the “fixed points” of a mercury 
thermometer ? Explain the conditions which contribute to its sensitiveness. 

(C. U. 1937). 

. Art. 11. 

. 10. Explain why in a thermometer it is advantageous to have the thermo- 

metric substance (1) of low specific heat, (2) a good conductor of heat. 

Art. 12. 

11. Describe any two forms of maximum or minimum thermometers. 

(Pat. 1921, cf. *29 ; All. 1916) 
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12. What *do you mean by a maximum thermometer ? Describe the 
clinical thermometer in detail with a diagram. (C. U. 1928* ’87) 

18. State the relative advantages of mercury and alcohol as thermometric 
substances. (C. U. 1919, *41 ; All. 1916) 


CHAPTER II 


Expansion of Solids 



Expansion of Solids.— With rise of temperature most bodies 
expand. Solids in general expand on heating But 
different solids expand differently for the same rise of 
temperature. This can be shown by a simple apparatus 
known as Grave sand's Bing . It consists cf a metal 
ball (Fig. 9) suspended by a chain, when tpth are at the 
same temperature. If the ball be placed on the ring 
after heating it in a Bunsen dame, it will no longer pass 
through the ring showing that it has expanded, but, on 
leaving the two together a short time, the ball falls 
through for, on cooling, it contracts. This can be 
shown by the following experiment 


Fig. 9. Grave 
sand'd Ring. 


Expt.— Let a compound bar of brass and iron be made by 
riveting two strips of iron and brass. At ordinary ''tempera- 
ture the bar is straight (Fig. IO.a), 
but, when heated edgewise, the bar op*®* 

bends, the more expansible brass BRASS 

being on the outside (Fig. 10.6). On 
cooling it in a freezing mixture of ice 
and salt it bends in the opposite way 
with the brass strip on the inside Fig. 10 

(Fig. 10.c). The above principle is applied to compensate the balance wheel of 
a good watch for changes of temperature (see Art. 19). 

Solids, when heated, expand in three ways, namely in length, called 
linear expansion ; in area, called superficial expansion ; in volume, 
called cubical expansion . 


Liquids and gases, however, expand only in volume ; so, for liquids 
and gases, the term expansion is used only with reference to cubical 
expansion. 

Note.— Solids, as a rule, expand as they are heated. Stretched india-rubber 
is ah exception to thib. It contracts when heated. In the cases of certain 
pUoys (e.g. Invar) the expansion on heating is ahpost ne&igibld. 
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Experiment shows that the increase in length of a metal bar is 
proportional to (i) the original length of the bar, (ii) the increase in 
temperature, and (iii) to a certain fraction, called the co-efficient of 
linear expansion sf the substance concerned. 


Coefficient of Linear Expansion of a Solid.* — It is the increase in 
length per unit length at 0°C. per unit rise of temperature. 

Let Z, be the initial length of a rod at 0°C. and let It be the length 
when heated through Z°C., then the expansion of the rod for a rise of 

temperature f°C."(Zi -Z 0 ) , Expansion for ; 

t 


and the expansion for 1°C. per unit length 


a-o 

Z.x* * 


Hence, the co-efficient of linear expansion < (pronounced "alpha”) 
is given by, <*- — ; or h =h{l + <t). ■ 

• v oO 

Hence, tJie co-efficient of linear expansion 


Increase in lenqth __ 

Original length at 0°G. x Rise in temperature ’ 


Does < depend on the Unit of length & Scale of temp. ? — 


Change in length per unit change of temp. _ . . . _ ^ , 

Original length. — ‘ 


that 


change in length 


is a ratio and has the same value whether length 


original length 

is measured in the C. G. S. or the P. P. S. unit of length. Therefore, 


(a) Co-eff. of linear exp. has the same value both in cms. and 
inches, if the unit of temp, is the same. 

(b) Co-eff. of linear exp. per degree Centigrade is l£ times larger 
than that per degree Prahrenheit, since 1°0." , £°F. So, the value of 
Co-eff. of linear exp. depends on the scale of temp. used. 

. The co-efficient of linear expansion of iron for 1°C. is 0*000012 means that 
1 cm. of iron rod raised in temperature by 1*C. expands by 0*000012 cm. ; or 
1 yard of iron # rod raised in temperature by 1°C. expands by 0*000012 
-.yard ; or 

• 1 foot of iron rod raised in tentperature by 1°C. expands by 0*000012 foot, 
etc., etc. 

14. Co-efficient of Expansion at Different # Temperatures.— 
We have seen that ip defining the co-efficient of linear expansion of a' 
solid we should refer tp its length at 0*0,, hot practically it is not 



919 


INTERMEDIATE PHYSICS 


always convenient to measure the length at 0°C., and so generally the 
length at the beginning of the experiment , i.e. at the temperature of 
the rooms is taken , instead of its length at 0 W C. In the case of solids, 
the error made by doing so is very small and can be neglected. 

The length of a rod, which is initially not at 0°0. but at some 
other temperature, say may be calculated thus : — ' 

Let l x and Z a be the lengths at 0°C., ti°C., and t 2 °C. respec- 
tively, where i a is greater that £ lt 

then l ± *= i 0 (l + <t t ) ; and l 2 = i 0 ( 1 + *t 2 ) 

' (1 + ’ (1 + <<a)(1 " ' ^ " 1 + <{t * ' **> 
neglecting terms containing higher powers of 4. 

. or ° t “ 1 )^ • 

15. Measurement of Linear Expansion.— (Pullimger’s Ai>para- 
tus ). — In this method the increase in length of a metal rod is 
measured by a spherometer. The rod which is about 
a metre long is surrounded by a steam-jacket having 
inlet and outlet tubes for steam, and two other side 
tubes for thermometers (Fig. 11). The rod rests with 
its lower end on a glass plate fixed into the base 
board of the apparatus ; the other end, which is free 
to expand upwards, reaches up to a hole in another 
glass plate on the top of the apparatus. This glass 
plate supports three legs of a spherometer, which is 
so placed that the central leg can be screwed down 
to touch the top of the rod. 

Expt. — Measure the length of the rod at the room 
temperature by a metre scale and place it in its 
proper position in the jacket. Introduce two thermo- 
meters in the side tubes and note the temperature t x 
after sufficient timo has elapsed. If the readings of 
the two thermometers differ, then take the mean of 
the two temperatures. Adjust the spherometer so 
that its central leg just touches the top of the rod 
and take the reading. Now screw up the central leg 
to allow room for expansion, and pass steam through 
the steam-jacket for some time until the temperature 
Fig. 11. — Pullin- is constant, as indicated by the 'thermometers ; let 
ger’s apparatus, it be t 2 °C. Screw down the ceptral leg till contact 
is made and take the reading. The difference of the two spherometer 




HEAT 


213 


readings gives the increase in length, say x cm., of the rod for the 
rise of temperature ( t 9 - t t °). 

The correct result of the experiment depends upon the accuracy of 
measuring the total expansion of the rod , that is , on the accuracy of the 
spherometer readings . Then, j 

if l be the original length of the rod at t±C. t we have, <*■ rrr~ yc. 

I'\t 9 — CiJ 

16. Substances not affected by Change of Temperature. — 

There are a few substances, like fused quartz , fused silica, and invar, 
which are very little affected by change of temperature. Vessels made 
of fused silica, or fused quartz, expand or contract very little when 
their temperatures are changed. In the laboratory the crucibles can 
be made red-hot and then suddenly cooled without any risk of cracking. 

A measuring rod made of invar , which is an alloy of nickel and 
steel, containing 36 per cent, of nickel (invented by the French 
metallurgist M. Guillaume) shows very little change of length with 
change of temperature, its co-efficient of linear expansion (0*0000009) 
being almost negligible. 

Note. — It may be remembered that glass and platinum expand almost 
equally, and the expansion for the alloy invar is very small. 

16. (a) Superficial and Cubical Expansions. — The co-efficient 
of superficial expansion is the increase in area per unit area of surface 
per unit rise of temperature. 

If So and St be the initial and final areas of a body ; t° the rise 
in temperature, then the co-efficient of superficial expansion P 

(pronounced "beta”) or St = S 0 (l + Pt) ... (1) 

O ot 

Relation between < and P . — Consider a square surface of a 
homogeneous isotropic solid, each side of which is l 0 at 0°C. and It at 
t°C. The area of the surface at 0°C., So — lo*, and at f°C., St — It a . 

' But It *=lo (l+*t), where < is the co-efficient of linear expansion, 
St "* {Z 0 (l +°W)} 2 = lo 2 (l.+ 2°cf +°c 2 t 2 ). Since < is very small, 
.terms containing or higher powers of < can be neglected. 

. ’ '• St-I 0 a {l + 1M) ..i ... (2) 

Again from (1) Si - S 0 (l + Pt) ... ... (8) 

.*» frdds (2) and (3) l + 0f-l+2o« (V S-J.*) ; or0«2< 

i.e. Co-efficient of area expansion- 2 x its linear co-effidenU ■ 
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Note.-— The error due to neglecting can be Been as follows 

Let ub take the case of iron, where 0*000012, and |9- 0*000024. 

The part neglected is (0*00001 2) 2 

•*. Percentage error in value for co -efficient of superficial expansion for 
l d C.* ^0^Q2i * 100 *-0*00006. (This is a negligible error).] 

17. The Coefficient of Cubical Expansion is the increase in volume 
per unit volume per unit rise of temperature. 

Thus, if Vo t Vt be the volumes at 0°C. and t°C. respectively, and 
Y (pronounced “gamma") the co-efficient of cubical expansion, then 

r- ' " F '" F -( 1+ *)- 

y _ v 

As in Art. 14, it can be proved that y ■* T7 - ( 1 v where F a is vol. 

F i Ua ” *iJ 

at and F lf vol. at t ± . 

Relation between < and y . — Consider a cube of a solid each 
side of which is lo cm. at 0°C., and It cm. at t° C. Then, we have, as 
before, Vo ■ Jo 8 , and F* = Z* ®, where It = lo (1 +<t). 

Vt -\lo(X + at)\* - Z 0 8 (l + 3 at + 3 * 2 * 2 +* 3 * 8 ) = Z<, 8 (1 + 3<f) - F 0 (l + 3 <t). 

(neglecting the terms containing x a and < a ). But Vt — F a (l + y$) ; 

•Hence, we have, 1 + yj = 1 + 3<t ; whence y - 3 < . 

i.4. Coefficient of cubical expansion = 3* its linear coefficient . 

Examples. — (Z* -4 <7 taws rod measured with a zinc scale t both being at 

2(fC„ appears to be one metre long. If the scale is correct at 0°C., what is the true 
length of the glass rod at 0°C . ? The coefficient of linear expansion of glass is 
8x 1ZT®, and that of smc 26 x I0~®. # {Pat. 1920) 

At 0°C. each division of the zinc scale is 1 cm. and at 20°C. each division 
- (1 + 0*000026 x 20) - 1*0062 cm. 

.*. 1 metre or 100 cms. of the zinc scale at 20°C. - 100 x 1*00052 

« 100*062 true centimetres. 

Hence, the correct length of the glass rod at 20°C.*« 100*052 cm. 

The true length of the glass rod at 0°C. x (1 + 0*000008 x 20) — 100*052. 

•*• The true length of the glas at 0°C. o^^Sol X 20 " 100086 cms - . 

(2) A steel scale reads exact mUlmetres at 0°C» The lengtpi of a platinum 
wire measured by this scale is 621, when the temperature of both of them is 17° C. 
Mnd the exact length in millimetres of theplgtinufli wire , What would be the exact 
Ungth of thrwire at (fC. ? 
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(а) Coefficient of linear expansion of steel *0*000012, 

At 17°C. one scale division of the steel scale which is correct at 0°C. is not 
exactly 1 mm , but a little greater than 1 mnj 

1 scale division at 17°C. would contract to 1 mm. at 0°C. 

621 scale divisions at 17°C. would contract to 621 mm. at 0°C. 

The evact length in mtn of 621 scale divisions at 17°C. 

= 621 (1 + 0 000012x17) “621*127 

(б) Co efficient of linear expansion of platinum “ 0 000008. 

.* . Length of platinum wire at 0°C x (1 + 0 000008) x 17 * 621*127. 

621*127 

*. Length of platinum wire at 0°C “ _ 1 0 _ =621 042 mm. 

1 Uuuloo 

(8) An non bir whose sectional aiea is 4 sq cm is heated from (fC . to X00°C • 
What force would it exert if it weie pi evented fiom expanding * The modulus of 
elasticity for non = 2 x i0 l * dynes , the mean co efficient of linear expansion of iron 
- 0 0000122 

If l 0 be the length of the bar at 0°C , and l its length at 100°C , then 
(i l - lo )/lo “ 100 x 0 0000122 = 0 00122 (1) 

But wo know that if l 0 bo the natuial length of the bar, and l its length 
when stretched with a force of F dynes, then the Young’s modulus (Art. 97.) 

Y= \ , • F= * 9 — (where 8 “sectional area of the bar) 

8\l “ l 0 ) l Q 

from (1) - 2 x 10 1 B x 4 X 0*00122, = 976 x 10 7 dynes. 

(4) A cube whose sides aie each 103 ems at 0°C. is raised to 100° C. If the 
Sides become each 101 ems . find the co efficients of linear and cubical expansion. 

• Original length “100 ems , final length = 101 ems. 

The co-efficient of linear expansion — Jjjjj “ *0001 

and the co efficient of cubical expansion = 0001 x 3 = *0008. 

(4) An iron clock pendulum makes 86405 osmlatums one day, at the end of 
next day the dock has lost 10 seconds , find the change in temperature. The co-effiGt- 
ent af linear expansion of iron is 0 0000117). [Pat 1924 ]. 

For a pendulum, t = 2 — . Similarly, if i be the period of the pendulum 

9 

when the length is increased to f for any change of temperature 0 , 

os, vO" f— V-r-y^ 1 ’- ^r+v, ... <U 

g t l V l 

(< m oo-efljjpient of linear expansion of the metal) 

There are 24 x 60 X 60* 86,400 seconds m a day. So a correct seconds pen- 
dulum will make 86,400 swings in a day. 
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In the example, 


80400 

" 86405 Se °‘ ’ 


y 86400 
* 86896 8eC ” 


from 


( 1 ) 


t' 86405 , 

t " 86895 “ v 1 + <19 


(1 + *0)^ <= (1 + -,00001178)® 


- 1 + *00000117 6) = 1 + '00000585 9, whence 9 - 19-8*0. 

(6) A clock with a brass pendulum beats seconds at 0°C. What will be the 
difference in its rate per day when the temperature is 30°C. t (Co-efficient of linear 
expansion of brass is 0 000019), 

* 

The time of vibration of a pendulum is proportional to the Rquare root of 
its length. So, if t and t 0 represent periods corresponding to lengths 1 at 
80°C. and l 0 at 0°C., we havo 



“ 1 + 0*000019 x 80 -1*00028. t= 1*00028 (V 7 e - 1 sec). 


, But the number of seconds in a day— 24 x 60 x 60— 86400— number of 
swings of the pendulum at 0°C., when it beats true seconds. 


The number of swings per day at 30°C. 


86400 

1*00023 


-86375*8. 


So the clock will lose (86400 — 86375*8) — 24*2 seconds per day. 

w % /7) A clock which keeps correct time at 25° C. has a pendulum rod made of 
brass . How many seconds will it gain per day when the temperature falls to the 
freezing point ? (Co-efficient of linear expansion of brass 0’ 000019) (C. U . 1931). 

Let Z 0 «= length at 0°C. ; l 2R - length at 25°C. 

t 0 - period corresponding to the length l 0 ; t 2 fi = period corresponding to the 
length l iB . Then, we have, + 

l 

= (1 + 0-000475)® = (1 + i x 0-000475) approx. = 1-0002875. 

But because the pendulum keeps correct time at 25°C., the value of 

f 85 = l second., 1-00^876 BCC - 


There are 86400 seconds in a day. So the pendulum makes 86400 swings 
at 25°C„ when it keeps correct time, i.e. when f 88 — 1. .*. when period 

“foOoWs 8e0 ” the number 0f swings = 88400+— 0 ^ 8 - 7¥ -86420-52. 

. ' . The pendulum gains (86420*52 - 86400) — 20* 52 seconds. 

18. Practical Examples of Expansion of Solids. — In many 
oases precautions have to be taken on account of the expansion of 
metals by heat. >• 
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(a) Why in laying rails , a small gap is left in between $ — 

* Bailway lines are laid by leaving a space of about a quarter 
of an inch between the successive rails in, order to allow for expansion 
when heated, as etherwiso the rails will force each other out of the 
line. Similarly, allowance is made for expansion in mounting girders 
for iron bridges. [The electric tram lines, however, are welded together. 
These lines serve as electrical conductors and are continuous. As the 
rails are embedded in the ground the variation of temperature is small.] 
The joints of gas and water pipes are made like those of a telescope 
in order to allow a oertain amount of ‘play* at the ends. ( b ) The 
length of metal chains used in ‘surveying* has got to be corrected for 
variation of temperature, (c) In riveting boiler plates, red-hot rivets 
are used, which, on cooling, contract and grip the plates so tightly as 
to make the joints steam-proof. 

The same principle is adopted in fixing iron tyres on cart wheels. 
The tyre is at first made somewhat smaller in diameter, and then 
heated until dfcpanded sufficiently to be easily put on the wooden 
wheel. On oooling, the tyro contracts and binds the wheel firmly. 

Fire alarms are also based on this principle. One form of this 
consists of a compound bar of brass and iron. When hot it bends over 
and completes an electric bell circuit, and thus rings the bell. 

(d) Why in drinking hot water , a thin bottomed glass is taken ? — 

Thick-bottomed drinking glasses frequently crack if hot water is 
poured into them. Glass is a bad conductor of heat. So it takes 
gome time for equalisation of temperature in different portions, due to 
which there is unequal expansion of the inner and outer layers and 
hence it cracks. «■ , 

For similar ceasons the tightened glass stopper in a bottle may 
often be loosened by pouring hot water on to the outside of the neck 
•of the bottle. In this way the neck expands before the stopper and 
so the stopper becomes loose. 

(e) In sealing metallic wires into glass , why platinum is used ? — 

* # Sometimes it becomes necessary to seal metallic wires into glass 
vessels. If a piece of copper is sealed through a glass vessel, the joint 

^ usually fractures On cooling due to unequal contraction of copper and 
' glass. < But platinum and glass have almost the same expansion, hence 
platinqm can be safely used for the same purpose without fear of 
cracking.. 

Examples (2). The distance bettoeen Allahabad and Delhi is 890 miles . Find 
1 the total space that must be left between the rails to allow for a change of temperature 
from 86°F. in winter to ll?°F . in summer . [All. 1982] 
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80°F.~ (86-83) ; 


117°F. = (117 - 83) x i - ±£& 0 C. 

890 miles" 1 890 x 5280 x 12 x 2*54 cms. 


The total space to be left * expansion of iron rails 890 miles long for 
¥)°C. change of temperature * f390 x 5280 x 12 x,2‘54) x 0*000012 X 
(Aja-^>)« 0 *21 mile. 

19 Compensated Pendulum. — In a pendulum clock the time- 
keeping quality depends upon its length, that is, the distance from the 
point of suspension to the centre of gravity of the bob, because the 
period of oscillation of the pendulum changes with change of length 

according to the relation, ^ s =2^ / v/ ^ [see Art. 74,. Part I]. 

Q 

It is evident from the above expression that if l increases t will 
become greater. In order that the rate of a clock should be uniform, 
the length of the pendulum must not vary with temperature. If the 
length increases , the period of oscillation wilt increase and the clock will 
lose , if the length decreases , the clock will gain . So, generally in sum- 
mer, the clock will lose, and in winter the clock will gain time. 

In order to nullify the effect of expansion and contraction, compen- 
sated pendulums are constructed with some special device which will 
A always maintain a constant length from the point of suspen- 

t sion to the centre of the bob inspite of any variations of 
• temperature. Such a pendulum is called a Compensated pen - 
I dulum 

{ (a) Harrison’s Grid-iron Pendulum.— This is the best 

1 ,0\ form of a compensated pendulum. The principle of cons- 

\ m S traction is as follows. 

Suppose AB and CD be two parallel rods of different 
metals (Kg. 12), say steel and brass, being (connected by a 
cross bar BC . If the point A is fixed, AB will expand down- 
bLJc wards, while CD will expand upwards for any rise of tempera- 
ture. Now, if the lengths of the rods are such that the- 
Fig. 12 downward expansion of A B is equal to the upward expansion 
of CD for any rise of temperature t° 0., the distance AD will remain 
unaltered. Sd, if <' be the coefficients of expansion of AB and CD 9 
and Z, V their lengths respectively, we have* ; or Zx*»ZV 

l «' 

" r m < 

i.e. the lengths of the rods should be inversely proportional to the co- 
efficients of expansion. It is also evident that CD must be constructed) 
with more -expansive metal than AB. . . 


Fig. 12 
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Tha actual pendulum oonsists of a frame-work 
t containing alternate rods of steel (shown in thick 
lines), and brass (thin lines). The central steel 
rod C, passing through boles in the lower cross 
bars of the franSe, carries the bob B at its lower 
end. The arrangement is such that the steel rods 
expand downwards , while the brass rods expand 
upwards , and the centre of the bob is neither 
raised nor lowered, if the total upward expansion 
is equal to the total downward expansion. It 
should be noticed that in a Grid-iron pendulum all 
the bars, except the central one, are in pairs. 


So, if there are 5 steel rods, each l x cm. 
long, and 4 brass rods, each l 2 cm. long, the 
effective length of the steel rods, is 3 l lt and that 
of the brass rods is 2 Z 2 » and taking the co-efficient 
of lineal expansion of brass to be 0*000019 and 
that of steel 0 000012, 


we shall have 


3[i _ 0 000019 _ 19 
2 f 2 0*000012“ 12* 


(Fig. 


1S>‘ 


sr 


1 


© 


Fig. 18 

Harrison’s Grid-iron i 
pendulum. 


In constructing good clocks and watches precautions have to be* 
taken to counteract the effects of expansion, m order to get a correct 
rate of movement of the mechanism. 

[Note — It is now usual to make the pendu* 
lum rod of a clock of invar, an alloy of nickel" 
and steel, the co-efficient of expansion of which 
(0*0000009) is almost negligible.! * t 

(b) Compensated Balance Wheel* — Fig. 14 
illustrates a balance wheel of a watch. The* 
time of oscillation of the wheel depends upon 
the distance of the circumference A from 
the centre, t.e. the radius of the wheel— the 
smaller the radius, the quicker the oscillation* 
So, an ordinary wheel oscillates quicker in winter than in summer. 
A compensated wheel is made of two strips (thick lines and thin lines), 
say brass and sSeel, the more expansible brass being on the outside. 
With the rise of temperature the radius of the wheel expands and so> 
the dock will lose time, but the unequal expansion of brass and steel 
caused the strips to curve inwards. The masses of the little screws W 
on the rim are thus brought nearer the oentre and this compensates 
for the expansion of the radius. 
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Example— There are 5 iron rods , each 1 meter long , and 4 brass rods in a 

* Grid-iron pendulum . What is the length of each brass rod ? ( The co-efficient of 

* expansion of iron is 0*000012, and that of brass 0*000019 ). 

The effective length of the iron rods ■■ 8 x 1 ® 8 metres, ^ 

and if 1 metre be the length of each brass rod, its effective length = 2Z. 


21 _ 0*000012 
8 * 0*000019 


12 

19 


, 3X12 
; OT l ~Wl9 


=» 8*947 metres. 


Questions 

Art. 13. 

1. A rod of iron and a zinc one are each 2 metres long at 0°C., and both are 
heated equally. At 50°C. the zinc rod is found to be longer by O' 181 cm. Find 
the co-efficient of linear expansion of iron when that of zinc is 0*0000298. 

[Am: 0*0000117]. (0. U. 1927) 

2. State the laws of the simple pendulum. The pendulum of a clock is 
made of wrought iron and ilie pendulum swings once per second. If the 

• change of temperature is 25°C., find the alteration in the length of the pendu- 
lum. (Co-efficient of expansion of wrought iron is 11*9 x 10" 6 ). (Pat. 1920) 

In this case, £-“2 secs. So l“ir 1/981 ; whence Z— 99*39 cm. 

If l be the initial length of the pendulum, the length after it is increased 
by 25°C. = Z(1 + 0*0000119 x 25) ; .*. The alteration in length— 7(1 + 0*00001 19 
x 26) - 7- Z x 0*0000119 X 25 = 99*89 X 0*0000119 x 25 = 0*0295 cm. 

8. Define the co-efficient of cubical expansion of a solid. Docs it differ 
when (a) the lengths are measured in centimetres or feet ? (C. U. 1981) 

*(b) the temperature is measured in Fahrenheit or Centigrade ? (C. U. 1944) 

4. A brass scale reads correctly in mm. at 0°C. If it is used to measure 

a length at 88°C., the reading on the scale is 40*5 cm. What is the correct 
measurement of the length ? (C. M. B.) 

[Ans : 40*523 cm.] . < 

5. A platinum wire and a strip of zinc are both measured at 0°C., and their 
lengths are 251 and 250 cm. respectively. At what temperaturo will their 
lengths be equal, and what will be their common length at this temperature ? 

* (The co-efficient of linear expansion of zinc is 0*000026) (S. C.) 

[Ans: 234°Cf ; 251*521 cm.] 

6. A brass scale measures true centimetres at 10°C. The length of a 
- oopper rod measured by the same scale is found to be 100 cm. at 20°C. Find 
'the teal length of the rod at 0°C. (The co-efficient of linear expansion of 
copper is 0*000017 and that of of brass 0*000019). 

[Am : 99*985 cm.] 

7. How could you show that brass expands more than iron when rods of 

vthese two metals are heated through the same temperature ? (All.) 



QUESTIONS 


221 . 


8. A railway line is laid at a temperature of 7°C. If each rail be 40 ft. 
long and firmly clamped at one end, calculate how much space should be left 
between the other end of the rail and the next one when the temperature rises 
to 84°C. (The co-efficient of expansion for iron is 0*0000109). 

[Ana : 0’ltf464 inch.] 

9. What“space should be allowed per mile of engine rail to avoid stross 
in the rails for the variations of tomperature between 25°C. and - 5°C. ? 

[Arts : 1*9008 ft.] . 

10. The diameter of an iron wheel is 8 ft. If its temperature is raised 
400°C., by how many inches is the circumference of the wheel increased ? 

lAna : 0*552] . 

11. The co-efficient of linear expansion of brass is 0*000019 ; if the volume 
of a mass of brass is 1 cub. decimetre at 0'C., what will be its volume at 
100°C. ? 

[. Ana : 1*0057 cub. decimetre.] 

12. Two bars of iron and copper differ in length by 10 cm. at 0*C. What 
must be theif lengths in order that they may differ by the same amount at all 
temperatures. (The co-efficients of linear expansion of iron and copper are 
0*000012 and 0'000018 respecti\ely). 

[Ans : Iron 30 cm. ; Copper 20 cm.] 

Art. 15. 

13. Describe any method for determining the co-efficient of linear expan- 
sion of a solid. (C. U. 1913. ’18, ’21, ’27, ’31, ’36 ; All. 1925) 

Art. 17. 

14. Define the co-efficients linear and cubical expansion. (C. U. 1915, ’18) 

Show that the latter is three times the former. (Pat. 1936) 

15. Define co-efficient ot expansion, and find out the simple # but approxi- 

mate relation between the co- efficients of (a) linear, ( h ) superficial, find (c) cubi- 
cal expansion, of t a given material. (Pat. 1940)- 

Art. 19. 

16. How are clocks compensated for variations of temperature ?(A11. 1932) 

17. Describe the effect of varying temperature on the rate of a clock or 

watch. Explain how chronometers are constructed so as to keep accurate time 
inspite of changes ot temperature ? (C. U. 1925) 

18. Why should the time of oscillation of a clock pendulum change with 
rise of temperature ? What arrangement is made to make the clock give 
correct time both in warm and cold weather ? Given that the co- efficient of 
linear expansion of brass is 0'000019 and that of steel 0*000011, what must be 
the relative lengths of the bars of the motals used in the Grid-iron pendulum V 

* (Pftt. 1936) * 


[Ana : 11 : 19] 
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Expansion of Liquids 

*20. Real and Apparent Expansion of Liquids.— Since liquids 
t(or gases) have no definite shape of their own, and always take the 
- shape of the containing vessel, the expansion or con* 
traction m the case of liquids (or gases) is always 
cubical. 

Experiment. — Take a glass bulb with a long stem. 
Fill the bulb and stem up to A with water. Now 
immerse the bulb suddenly in hot water, when it will 
be found that the level of water momentarily falls, 
say to B, and then increase up to, say, G finally 
(Fig. 15). This happens because the bulb becomes 
warm first and so expands before the heat reaches the 
liquid inside. In practice, however, we observe the 
expansion from A to C, which represents the appa- 
rent expansion of the liquid, whereas the real (or abso- 
lute) expansion is represented by BC. Therefore, 

Apparent Expansion of the 
.rig. 10 . Real expansion (BC) — expansion (AG) + glass vesseltdE) 

20(a). Relation between the Co-effieients of Real and Appa- 
' rent Expansion. — Let Fo* volume of the vessel at 0°C., and thus ■■ 
volume of the liquid at 0°C. ; J 0 *rise in temperature ; Y *» co-efficient 
of apparent expansion of the liquid ; y a — co efficient of real or absolute 
* expansion of the liquid; g - co-efficient of cubial expansion of the 
.containing vessel. 

Then the real expansion of the liquid - V Q y a t ; the apparent expan- 
sion of the liquid - V 0 Yt , and the expansion of the vessel* 1 V 0 gt. Since 
real expansion *■ apparent expansion + expansion of vessel, 

We have, V Q Yat^V c Yt^V 0 gt ; or Ya^Y + g ... ... (1) 

Thus, 

Go-efficient of absolute expansion «* Co-efficient of apparent expansion + 
Co-efficient of expansion of the material of vessel . 

(Note that a hollow vessel expands as if it were solid, having the 
- earns volume, because if the hollow of the vessel were exactly solid, 

.attar expansion it would just fit 'with the obiter vessel). 

) 
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Co-efficients of Expansion .— The co-efficient of apparent expansion 
x>f a liquid is the ratio of the observed increase in the volume produced 
by a me of temperature of 2°C. to the volume of the liquid at 0°G . 

The co-efficient of real or absolute expansion of a Uquid is the ratio 
of the real increase in volume for a rise of temperature of 1°C . to the 
volume of the liquid at 0°C . 


21. Variation of Density with Temperature.— We know that 

density “ J“ as 5 . Let m g m . 0 f a substance (say, a liquid) occupy 
volume 

V c.c. at 0° C., then its density at this temperature, do^m/Vo (1) 


The volume occupied by the same mass at t° C. will be when 
the density dt^m/Vt ... (2) 

But V,t V 0 \l +Yat\, where Y u is the co-efficient of absolute 
cubical expansion of the liquid ... (3) 

Prom (1) and (2). d ° - £ - - o(l v + ^ - (1+ Yat) 

(It Vo Vo 


or 

or 


{Note. 


do^dtil +V a t) ...(4) 

dt “d 0 (l +Vat)‘ ± i.e. dt **d 0 {l-Yat) approximately ... (5) 

d 0 — dt 
• ' Ya ~ dtt 

Compare equation (3) and (5).] 


Examples.— (I) The density of mercury 18'59 at 0°C. What will be the 
volume of 30 kilograms of mercury at 100" C., the co- efficient of expansion of mercury 
being 115550 : 

Let d 100 - density of mercury rt 100°C., d 0 = density of mercury at 0°C., 
We have, d 0 m d 100 (1 + 7a t) 


18*59 _ 13*59X5560 

di00 “i + 7« ~ l + (nVu x l00) “ 5050 ’ 

80 X1000 ^ 80x1000 
~ d 10 o ~~ 1850x5550 
6050 * 


So, the volume of mercury 


2247*27 c.c. 
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(2) A glass hydrometer reads specific gravity O' 920 in a liquid at 45° C. What 
would be the reading at 15° C, ? (Co-efficient of cubical expansion of the liquid* 
O' 000525, and that of glass ® O' 000024) (Pat, 1941} 

Let F 45 , F 15 - volumes of the hydrometer at 45°C., and 15°CJ. respectively ; 
d 15 = densities of the liquid at 45°C. and 15°C. respectively ; then 

d 1B -d 4B {l + 7 « (46-15)}... (from eq. 4 Art. 21 W 4 B (1 + 0*000525 x 80> 

- d 4B x 1-01576; and F 4S - F 15 (l + 0*000025 x30; F 15 -F 45 (l- 0*000024 X 

80) -F 4B x 0^9928. 


Again the mass of F 1B c.c. of the liquid at 15°= F 16 x r? ls 
• *■ F 1B xd ls -.(F 45 X 0*99928) Xrf 4s x 1*01575 ; 

' 1 5 


(3) A cylinder of iron, 20 inches long , floats vertically in mercury, both being at 
the temperature 0°C. If the common temperature rises to 100° C , haw much will the 
cylinder sink ? [Sp. gr. of iron at 0°C * 7 ' 6 : sp, gr . of mercury at 0 o C*13'6 ; 
cubical expansion of mercury between 0°C. and 100°C. = 0‘018153 ; linear expansion 
of iron between 0°C. and 100° C. = 0 001182] (Pat. 1942} 


Let l 0 and Z 10 o he the lengths of the cylinder immersed in mercury and A 0 . 
■4ioo he the areas of the cylinder at 0°C. and 100°C. respectively. 

The density of iron at 0 o C. = (7*6 x 62*5) lbs. per cu. ft. = *7 0 say ; and that of 
mercury at (^“(lS^x 62’5) lbs. per. cu ft = p 0 , say ; and let their correspond- 
ing densities at 100°C. be <7 100 and p 100 , then from eq. 5 Art. 21. 

^ 00*^0 (1 ■" 8 X 0 001182) and Pioo*Po (1*“ 0 018153) 

By the law of flotation, wc have (20 x A () ) x <7 () = (Z 0 x 4 0 ) Xp„ ... (1> 

and {20(1 x 0 001182) x x o o } x ^ioo" 6 (^ioo x ^ioo) X Pioo ... (2) 

20 x 20 X (7*6X62*5) „ 

From (1) we have, l 0 = ■ = -11 176 

po lo o X 62 5 


and from (2), 20(1 x 0*001182) x d 0 (l -3 x 0*001182) - Z 100 x Po (l -0*018168) 
or 20(1 + 0*001182) x (7*6 X62*5)(l- 0*003546) 

>5t 

-iioo x (18*6 x62*5)(l- 0*018158) ; whence f 100 -ll*858" 


So the extra length of the cylinder which will sink in mercury when the 
temperature rises to 100'C.- (11*853- 11*176) = 6*177". 

. 22. Determination of the Co- efficient of Apparent Expansion 
of a liquid (1) by Weight Thermometer ;— This may take the form of a. 
Specific. gravity bottle or it may consist of a spherical Or cylindrical 



HBAT 


m 


glass bulb with a short capillary stem, which is bent and drawn 
out to a fine point (Fig. 16). The apparatus is 
cleaned and weighed empty. It is then filled 
with the liquid ,of which the co-efficient of expan- 
sion is required This is done by alternate heating 
and cooling, keeping the end of the stem dipped in 
the liquid. When quite full, it is placed for some 
time in a beaker of water with the open end still 
well below the liquid surface to acquire the tempera- 
ture of water, say t 0 ° 0. The bulb is then taken 
out, dried, and weighed again. The difference of 
the weights gives the weight ra 0 of the liquid at 
CC. The bulb is next placed in a bath of boiling , Fi 8- 16 “~ 
water. Owing to expansion, some liquid is expelled. Weight thermometer. 
It is then removed from the bath, dried, and again weighed. Let the 
difference of this and the first weight be mt , which is the weight of 
liquid at < /0 C # . 

Let To “volume of the thermometer at t o 0 C. ; m 0t d 0 “mass and 
density of the liquid at t 0 °C. ; Vt “volume of the thermometer at t°C. ; 
mt,dt** mass and density of the liquid at t'°C. ; y* co-efficient of 
apparent expansion of the liquid between to°C. and t'°C. 

We have, V 0 d 0 , and rnt “ Vtdt (1) 

mt Vtdt 



But in determining the apparent expansion of a liquid, the 
. expansion of the containing vessel is neglected ; so here Fo“ Vt . 


Hence 

or 


i.e. 


do ^ dt\\fryit to)l ^ 2 + y($ r — i ) 
mt dt dt 

wio-m 
Y m t (t - <„ ) 

_ Mass of liquid expelled _ 

( Mass remaining at \ / Bise in \ 

higher temperature/ x Vtemperature/ 


22. (a) Absojiute Expansion : — The co-efficient of absolute expan- 
sion pi the liquid can also be ealeulated in the following way : — 

Vk • Vo U + ~ to )}, where g is the co-effioient of cubical expan* 

ston of glass, ’an8 do m d {L + y« H (See Art. 21,) 

where V. ia the oo-efficient of absolute cubioal expansion of the liquid. 

16 
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I B 1 Wo V.& Vodt { l +_V« (t ?•> )1 lt y«(t "“to) 

’ mi Vt di V 0 dt {l+ff(t - toli 1 +g(t' — to) 

or mi +mtYa(t'-t < ,)' m mo + m 0 q(t' -to) , 


or 


mt Ya 


mo — mi 

'(t'-to) m ° g ’ 


or Ya 


m 0 -mi m 0 

mt (i t’ - to ) mt g ‘ 


If only the apparent expansion is required, g should be neglected, 
and the co-efficient of apparent expansion becomes 


m Q - mt 
m t ' t' - to ) ’ 

Notes. — (l) Because m the above experiment weights (and not) 
volumes) are taken for the determination of co-efficient of expansion, it 
should not be thought that the co-efficient of expansion is equal 
to the increase of one gram of liquid for 1°C. rise of temperature. 

(2) The above instrument is called a Weight Thermometer , because 
by knowing the co-efficient of apparent expansion of a liquid and by 
finding the weight of liquid expelled at a higher temperature we can 
determine an unknown temperature. 

Examples : — (I) The mas s of meicury over flowed from a weight thermometer is 
5*4 qm. when heated from ice to s team point. Tlu thermometer is placed in an 
oil bath at 20° C On heating the bath, 6 64 qmb of mercury flow out Determine 
the temperature of the bath 

The mass of mercury overflowed tor (100-0)°C =5'4 gms 
The mass overflowed for 1°C = 5*4-+- 100“ 0 054 gin. 

So, for the overflow of 8*64 gins of mercury, the rise of temperature of 

oil-bath - — - - 180°C. 

0‘054 


Hence, the actual tempeiatuic ot the bath - *20+ 160= 180°C 

(2) A weight thermometer weighs 40 gms when empty , and i r t0 gms . when 
jilted with mercury at 0°C. On heating it to 10(f(\ b s’) gms. of mercury escape. 
Calculate the co efficient of linear i Jcpansion of qlass, the co efficient of real expansion 
of mercury being O'OOOlbU. 


Mass of mercury in the thennometei at 0°C. — 490-40 — 450 gins. 
The mass of mercury left in 'thermometer (it 100°C. 

= 460-0*85-443 15 gms. 

The co-efficient of apparent expansion of mercury * 


6*85 

443*16(100-0) 


“ 0*000155. 
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Hence, the co-efficient of cubical expansion of glass* co-efficient of real 
expansion of mercury — co-efficient of apparent expansion of mercury 

- 0*000182 - 0*000155 * 0^000027. 

The co-ifficient of linear expansion of glass* 0*000027 -*-8*0*000009. 

(8) If thq co-efficient of apparent expansion of mercury in glass be what 

mass of mercury will overflow from a weight thermometer which contains 400 gms. of 
mercury at 0*C when the temperature is raised to 90° 0. ? 1 0. IT. 1930) 


We have, 7“ 
whence mi = 


Wo - mt j, 40 0 - m t 
mt - to ) ; ° r mt l90-0) ; 


26000000 

6590 


394*58. 


1 


. * . The mass of mercury expelled * m 0 —mt — 403 — 394*53 
*5*47 gm. 

(ii) Dilatometer or Volume Thermometer 
method — A dilatometer (Fig. 17) consists of a glass bulb 
with a graduated stem of small bore leading from it. It 
is used as ‘follows : — weigh the dilatometer empty ; let 
this be w 1 gms. Introduce mercury in the tube to fill 
the bulb and a part of the stem up to the zero mark A . 
Weigh again, and let this weight be Put in more 
mercury to fill, say, up to 72, the length AB being l cms. 
Weigh again. Let this third weight be gms. Then 
the weight of mercury occupying l cms. of the 
stem*('i 0 3 -w 2 ) gms.* say, gms., and the weight of 
mercury in the bulb and stem up to the zero mark 



Fig. 17 — 
Dilatometer. 


= a («; 2 -w j.) gms. = ra 2 gms., say. 
w 2 gms. of mercury would occupy! — a x l ) ems.^df the stem 

\Wi / 


and the volume of the bulb up to the zero mark of the stem 


* ”- a - xjxa, (if a sq.cm.* area of cross-section of the bore of the 
m x 

stem). 

The bulb and part of the stem of the dilatometer is then put in a 
water bath, the temperature t± of which is measured and the length 
of the mercury lieight, at temperature t 1% is read accurately. Increase 
the -temperature of the water bath up to £ a °C., and read the level of 
merqury against C, the length AG being Z 2 oms. Then the volume 
expansion of.(I*-li) cms. of mercury column for (t 2 mm t 1 )°C . , 

c.c., and the original Volume - j +i 1 a|o.Q. 
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Mean co-efficient of expansion between and t 8 ° 

Increase m v olume 

Original volume x Rise tn temperature 

ggg (^g l ± ) X Qf 

- (u-h) 

C; XWl K- (l) 

Note. — The calculation will be oasior if the density of the liquid is supplied 
(see example 2 below). 

Examples .—(I) A long glass tube of uniform capillary bore contains a thiead 
of mercury which at 0 ft C. ii one metis lonq. At 100° C. it w 16*5 mm. lonqei . If the 
average coefficient of volume expansion of meremy n 0’ 0000 16 L, what is the co-efficient 
of expansion of glass ? (C. U. 1910) 

n m • a # , Increase in volume 

Go-efficient of expansion of mercury - , v , 

Original volume x rise m temp. 

__ 1*65 cm. x area of cross-section _ 0*000165 

100 cm. x area of cross section x 100 

Coefficient of cubical expansion of glass — co-efficient of absolute expansion 
of mercury — co-efficient of apparent expansion 'of mercury (see Art. 20). 

- 0*000182 - 0*000165 - 0*000017. 


Co-efficient of linear expansion of glass *■ 


0 000017 


-0*0000056. 


(2) A glass bulb vnth an accurately graduated stem of uniform boie weigh s 
SO gms. when empty , 356 gms. when filled with meuury up to the 16th division , and 
356*15 gms when filled up to the 110th division Find the mean co efficient of apparent 
expansion of the liquid which fills the bulb and stem up to the zero pf the graduations 
at <fC. } and up to the 80th division at 10°C . [The density of mercury is 13*6). 

The capacity of the bulb and 16 divisions of the steam— 

and the internal volume of each d.vimon-— x (n() — } - — ^ c.c., 
Hence the capacity of tho bulb with the part of the stem below the zero 


• . 829 

m«k- ire - 


0‘15Xl6 i 

186 xW 


15820 8 
186x47 


c.c. Thus the initial volume of tho 


15820 8 


liquid — - -j c.e„ and thf total apparent increase of v.olume for 10*0. 


80 * VI* 

> WAX 94 



HEAT 


Hence the co-efficient of apparent expansion of the liquid 


fS 0X015 15820*8 
\ 18*6 *94 13~6x 47**" 10 


000008915. 


( 8 ) The co-ejflcient of absolute expansion of mercury i$ 0 00018 ; the co-efficient 
of linear expansion of glass is O' 000008. Mercury is placed %n a graduated tube , and 
occupies tOO divisions of the tube . Through how many degrees of the tube must the 
temperature be raised to cause the mercury to occupy 101 divisions ? {L. M.) 


Let t be the number of degrees, then the length of the mercury column for 
f rise of temperature ■■ 100 (1 + 0*00018*). 


This becomes equal to 101 divisions of the tube after expansion. 


1 division of the tube 


100(1 + 0*00018*1 
101 


But 1 division of the tube becomes (1 + 0*000008 *) divisions at t°» 

!»'y-^“»'>. 1+ o-oooop» fi 


whence 


0*018 - 0*000808 


1 

0*017192 


-58*2°C. 


23. Exposed Stem correction for a Thermometer. —The correc- 
tion for the exposed portion of the stem of a thermometer will be best 
understood by the following example. 


A mercurial thermometer is placed with its bulb and lower part of 
the stem in a liquid and indicates a temperature t°C. The upper portion 
of the stem containing n divisions of mercury column is in * the air at 
|0° C. Find the true temperature of the liquid . 

t 

The true temperature T° of the liquid is that which the thermo- 
meter would indicate if completely immersed in the liquid. Then n 
divisions of the mercury column, now at 0°C., would be at T°C- 9 and 
at that temperature would occupy w{l + y(T-0} divisions, where Y is 
the co-efficient of expansion of mercury in glass. 

The corrected length of the exposed portion would be greater 
than the actual'length by n\l +y(T- 0)y. 

Hence, thq true temperature of the liquid, r-$ + »(r-0)& 

Example !— The bulb of a mercurial thermometer and the stem up to the eero mark 
are immersed in hot water at tOfC. while the remainder of the stem is in the dir at 
2Q G, What will be the reading of the thermometer 9 
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Using the formula given already, we have T* 100, n m t , 0—20, 7*0*000155 
.*. 100 - 1+ fx (100- 20) x 0*000155 - 1*0124 / : or f-98*77°C. 


24. Co-efficient of Absolute Expansion : (Dulong and PeM's 
Method .) — In 1816 Dulong and Petit developed a method of determin- 
ing the co-efficient of absolute expansion of a 
liquid in which the expansion of the containing 
vessel has no effect on the observations from 
which the expansion is to be calculated. The 
liquid taken by him was mercury. 


\y Steam 





Fig. 18. — Dulong and 
Petit’s apparatus. 


The apparatus consists of a U-tube filled 
with the liquid (Fig. 18). One limb of the 
U-tube is kept cool by packing one of the 
■jackets with melting ice, while the temperature 
of the other is increased and maintained by 
passing steam through the jacket. A piece of 
blotting paper constantly soaked with water is 
placed on the horizontal portion in order to 
prevent a flow of the liquid from one limb to 
another. Thus two different temperatures are 
maintained in the liquid in the two limbs. 


Let ht and ho be the heights of the two liquid columns at t° C. and 
0 9 C. respectively. 


Let d 0 be the density of the liquid of the cold column, and dt be 
that of the hot column. Then, the pressure exerted on the horizontal 
portion of the tube by the cold column = h 0 do g + P, and that by the 
hot column a htdtg + P, where P * atmospheric pressure. But, since 
the two liquid columns are in equilibrium, we have, h a d Q q**ht dt g , or 

do ht 

— «-r— . But do **dt (1 +V a t) 9 where y a is the co-efficient of absolute 
dt ho 

expansion of the liquid. 

• . ... . ht ht -h 0 ,, v 

.. 1 + or Ya ” , . ... (1) 

tio Ho t 


Laboratory Experiment . — The above experiment oan be done in 
a laboratory by circulating water at the room temperature through the 
left-hand jacket, instead of melting ice. The formula (1) should then 
be slightly changed as follows : 
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Let hi and h 2 be the heights of the cold and hot columns', and 
t * their temperatures. If J lf d 2 be the densities of the cold and 
’hot columns respectively, we have, hidiQ**h % d 2 Q 


l 7 do r. • 

or 7t 9 (l+y« ii)-7/i(L + y«/ a ) ; or 


do -d l (l+V a t 1 )] 

h 2 ^ h 2 Ya t± ** h± hi/a t ji 


or 


Ya 


_ h 2 — hi 
h\t 2 ” h%t± 


[Note. — The above method is obviously independent of the expansion 
of glass, and so the diameters of the two limbs may be different 
without in any way interfering with the result! 


(n) Indirect Method . — Knowing the co-efficient of absolute expan- 
sion of mercury by Dulong and Petits method, and the co efficient of 
apparent expansion by the weight thermometer or any other method, 
the co-efficient of cubical expansion of the meterial of the weight 
thermometer is obtained from eq (1). Art. 20 'a). Again, by deter- 
mining the co-efficient of apparent expansion of any liquid using the 
same vessel, the co-efficient of absolute expansion of the liquid can be 
calculated also irom eq. (l), Art. 20 (ah 


25. Apparent Loss in Weight of a Solid dipped in a Liquid 
at Different Temperatures. — A solid of volume V c.c. and known 
weight is weighed in the liquid at O’C. Let the apparent loss in 

weight be W 0 . It is then weighed again in the liquid raised to 

temperature t 0., and let the apparent loss in weight be Wt . 

Let Jo, dt ^densities of the liquid 0°C. and £ 0. respectively, 
Y =* mean co-efficient of cubical expansion of the solid between 0°0# 
and t° C. ; g * acceleration due to gravity. 

We have, according to Archimedes' principle, weight of the dis- 
placed liquid at 0°0. -* W Q 855 V x J 0 x g ... ... (l) 

(where V is the volume of the tfolid at 0°G. and so the volume 

of the liquid displaced at 0°0.) 

. When the temperature increases to t° C., the volume of the solid 
becomes** F(1 + yt), which is also the volume of the liquid displaced 
at fO. The weight of the displaced liquid at $°C., 

Wt~\V(l + n)}dtXg 


(a) 
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From (1) and (2), 

l 

1 


W 0 ^ JTd 0 g ^ 

Wt m 7(1 + yt)dt q m dt{\ + n) 


do 

<1.(1 -a <)'&+«) 

(3) 


Where d « mean oo-eff. of expansion of the liquid between 0°0 and f°C. 


So tbe loss in weight T7* at a higher temperature, is less than T7 0# 
the loss at the lower temperature, since d " y. Therefore, the weight of 
of the solid in the liquid will increase with rise of temperature of the 
liquid . 


25 (a). Co-efficient of Expansion : (Hydrostatic Method) — 

Knowing the value of y , we can also apply this method in deter- 
mining the co-efficient of expansion of the liquid. 

We have, from (3) • W <J.-*(1+*)1 

i e T7 0 “ T7< T7 e f x 

whence b ^ 77 +>/• (4) 

Example*.— (I) A piece of glass weigh s 47 qrams m air, 81' 58 grams in water 
at 4*C,, emd 81 75 grams in water at 60° C Find the mean to efficient of cubical 

expansion of water between 4°C. and 60° C., taking that of glass as 0 000024 

(C. V 1922) 

Wt of displaced water at 4°C. = 47 - 31*58* 15*47 gms. 

*\ Volume of displaced water* 15*47 c.e., and this* volume of glass at 4°C. 

Again, the volume of glass at 60°C. * 15*47 j 1 + 0*000024 (60 -4)} 

“15*49 c.c.* volume of displaced water at 60°C. 

Wt. of displaced water at 60°C. = 47 — 31*75 = 15*25 gms. e 
Densily of water at 60°C. = 15*25 ■+■ 15*49. 

Now, if d- density of water at 4°C. ; d' = density of water at 60°C., 
y = co-efficient of cubical expansion of water, 

we have d'—djl -7(60-4)f ; or Jg, ~“d{l -7(60-4)f ; 
whence y m *000276, since <1*1. 

[N, B. The value of the co-efficient of expansion can also be determined 
by using eq. (4) Art. 26(a).] 

^ 45. Anomalous Expansion of Watefc— The eypansfcn or con- 
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traction o f water presents interesting peculiarities. If a mass of water 
at any temperature, say 10 C., be 
'taken and allowed to cool, its volume 
will gradually diminish until it rea- 
ches the temperature 4°C , when with 
further cooling the volume increases u 
instead of diminishing. This behavi- ■§ 
our is pecular to water The volume * 

-of water at 4°G* being the least, it has o 
got the maximum density at that tern- g 

perature (Pig. 19). 3 

o 

The curve also shows that on fur* ^ 
ther cooling, the volume of water 
increases. So enormous is the force 
exerted by the expansion of water 
that in cold countries even iron water- 
pipes get cracked in winter due to the 
freezing of water inside the pipe. 

Majority of substances contracts on cooling, subs- 
tance like iron, antimony, and bismuth behave like 
water. 

(Note Only pure wain has got the maximum density 
at 4°C. ; any impurity dissolved in water lowers the tem- 
perature of the maximum density.) 




Fig. 19- 
Temperature 


Pig, 20 — Oonstent 
Volume Dilatometer. 


26. (a) Constant Volume Dilatometer.— A simple 
experiment to measure the change in ^ volume of 
water with temperature near about 4°C. can be 
carried out in a glass vessel whose capacity must 
be kept constant by some device. This can be 
done by taking a dilatometer [Fig. 20] with a gra- 
duated stem S of uniform narrow bore and filling it 
with mercury M whose volume should be about one- 
seventh part of the total capacity of the dilatometer. 
The co-effioient of expansion of mercury being about 
seven times that of glass, the change in volume of the 
dilatometer for any change of temperature will be 
•equal to the change in mercury, and so the volume 
of the vessel unoccupied by mercury remains cons- 
tant. In order to measure the change in volume of 
water, the dilatometer W is filled up with pure water 
up to certain point in the stem, tod then placed 
in a water bath maintained at 0°0, The volume of 
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the water of the dilatometer is noted after sometime when the posi- 
tion of the water column in the stem becomes steady. The tempera- 
ture of the bath is noted by a sensitive thermometer. The tempera- 
ture is now gradually raised and the volumes of water at the corres- 
ponding temperatures are noted from the positions of ‘water level in 
the stem from which a graph is obtained, as in Fig. 19. , 

Example — What volume of mercury must be placed in a glass dilatometer to 
keep the volume unoccupied by mercury constant at all temperatures. The co efficient 
of cubical expansion of mercury is 0 00018 , and the co-efficient of linear expansion of 
glass is 0*000009 per degree C . [C. L.] 

Let expansion of the vessel be V c.c., and let there be a rise of temper- 
ature of t° C. The expansion of the vessel for /°C. ■* V x 3 X 0*000009 X t 

If Vi c.c. of mercury be used, its expansion will be= Ft x 0*00018 x f. 

These must be equal in order to have the volume of the vessel unoccu- 
pied by mercury constant at all temperatures. 

V x X0*00018xf-Fx 3 x 0*000009 x whence F t *=3/20 V. 

Hence the volume of mercury required is such that it must be (l.e. 
approximately ij-tli) of the volumn of the dilatometer. 

The density and corresponding volume of 1 gram of water at 
various temperature : — 


Temp. Centigrade 

Density 

Volume 

0° (ice) 

0*01670 

1*09081 

0° (water) 

0*99987 

1*00013 

2° 

0*99993 

1*00003 

4° 

1*00000 

1*00000 

10“ 

0*99973 

1*00026 

20“ | 

0*99823 

1*0018 

40° ! 

0*9922 

1*0073 

60° 

0*9832 

1*0170 

80° 

I 0*9718 

1*0287 

100“ (water) 

0*9584 

1*0482 

100* (steam) 

0*000599 

1*670 


The co-efficient of expansion of water varies froip 0*0001 at 10°0. 
to 0*0006 at 80°C. Its co-efficient is 0 at 4°C., and negative from. 
4° to 0°C. 

26 (b). Hope's Experiment. — The following experiment per* 
formed by T. C. Ho$e in 1805 shows that water attains its maximum. 
&ensity>t 4°C. • 
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Erpt . — A tall cylinder is surrounded by a circular trough placed 
about half-way up the cylinder and the trough is filled with a freezing 
mixture of ice and salt [Fig. 21 (a)]. Two thermometers are inserted 




Fig. 21 (a) Fig. 21 (b) 

horizontally thiDugh holes in the walls of the cylinder, one near the top* 
and the other near the bottom of the vessel. The cylinder is filled with 
pure water and allowed to stand for some time. As cooling goes on, the 
temperature of the lower thermometer will gradually come down to 
*4°C., where it will remain stationary. It is because the water in the 
middle of the cylinder becomes denser on cooling and sinks to the 
bottom. This goes on until the temperature of the whole of the water 
below the middle portion falls to 4°0. After this, the water near the 
ice-jacket is gradually cooled down to 0°C., and being less dense rises 
u^ lowering the temperature of water there up to 0°C. So ultimately 
the upper thermometer will indicate O'C., and the lower one 4°C., thus 
proving that 4°C. is the temperature of the maximum density of 
water. Hence it may be stated that water at 4*G. expands whether it 
is heated or cooled .* 

The readings of the two thermometers, entered in a graph, will 
be represented by Fig. 21 (6). 

26 (c). Practical Importance ot Hope’s expt.— The fact that 
water has a maximum density at 4 0. is of great practical importance. 
If* the density continued to increase until 0°C. was reached, ponds - 
would freeze solid from top to bottom in severe frosts, and ultimately 
the whole pond would be a mass of ice, and that would destroy the 
‘tfnim&L life. But actually ice forms on the surface of a pond and 
the water below remains at 4*0. This saves much of the animal 
life. 

27. Correction ot Barometric Reading* — The ^pressure exerted 
by a column of nero-degree-cold pure mercury (density “ 13*596 gms./c.c.K 
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*76 cms. in height at the sea-level in the 45° latitude (where 
0 “ 980*6 ems./sec. 9 ) is called standard pressure. If the observed 
barometric height at a place is transformed so as to correspond to the 
above standard conditions, the height so obtained expressed in cms. is 
to 76 eras, as the barometric pressure at the place is* to the standard 
pressure. But before the observed height is transformed to standard 
conditions, it has to be corrected, because the scale with which the 
height is measured may be at a different temp, from that at which it 
is graduated. 


Temperature Correction for Scale. 

Suppose the scale is graduated at 0 °C. At higher temps., each 
division of the scale will extend in length. So the observed height, 
say ht , at a temp. t ° C will be smaller than its real value. Let ho be 
the correct height, had the scale been maintained at 0°C. So, 
ho** ht (1 +*t) where ^“oo-eff. of linear expansion of the material 
-of the scale. 


Transformation of Corrected observed height to Standard 
conditions. 


(a) Transformation io zero-degree-cold mercury . 

The corrected height h 0 is a column of mercury at l°C. To transform 
it to zero-degree-cold mercury with which the height will be, say H t 
we have 

H.do • h 0 . dt , where do and dt are densities of Hg . at 0 °C and t° C. 
dt , d 0 {\-Vt) 

do do 


% e., H. ho 


where V = co-eff. of cubical ex- 


pansion of mercury 

\ ff-Ml-M) ~ht il + <t) ( 1 -yj). 

* ht \l - (y - *)$} approximately. 

(b) Transformation to the sea-level in the 45* latitude . 


The volume of q at a place depends on the latitude of the place and 
its elevation above the sea-level. If ^acce. due to gravity at the place 
of observation and g 0 , that at the sea-level in the 45° latitude 
(•9806 cms./sec. 3 ), and if the corrected height U measured by zero- 
degree-oold mercury, on transformation to the sea level in the 45* 
Jatitude becomes Ho , then 

Ho . Po . go • H . p 0 . g 


or He - H .- 9 

go 


m ht {i-(y 

go 
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[Notes V for Eg. - O' 0001 82 per 1°C ; < for brass - 0 000018 
’per 1 8 C : < for glass “ 0'000008 per 1°C.] 

Hence for a (barometer with brass scale, 

True height “ observed height x (1 - 0'000164<) x - J? . 

yyo o 

and for a barometer with glass scale, 

True height** observed height * (1 -0*000174<)rJ[; - . 

yoU o 


Examples. — (I) The qlass scale of a barometer reads exact millimetres at 0°C. 
The heiaht of the barometer is noted as 703 divisions at 18°C Find the true height 
of the bammeter at 0°G . (The co-efficient of linear expansion of glass = O' 000008 ; 
co-efficient of absolute expansion of mercuiy * 0 000181). 

From Art. 27, we have true height H 0 = TT\l - (7*1 —a)t\ 

. -763jl - (O’OOOIB- 0*000008) 1 8} *■ 7 60*637 8 mm. 


(2) A barometer provided with a bras* scale, which is correct at 50°F., reads 754 
at 40°F. what will be the true height at H*1°F. ! 

The co-efficient of linear expansion of brass is 0*000018 per 1°C.. so the 
value for 1°F. will be (£ * 0 000018) ® O’OOOOl, and similarly the co-efficient of 
cubical expansion of mercury for 1°F.« 0*0001. 


Let be the lower temperature at which the height should be corrected, 
f 2 ’the observed temperature, and the temperature at which the graduations 
are correct. (It should be noted that here the baromoter is corrected at a 
Higher temperature) 


We have, 


H*„[ 1 + 1)40 - 82) - '00-82)}] 


Hs»- 


l + 7« (40-821° 


754)1 + 000001 ( - 10j_ 
1-(0‘0001X8) 


753*32 111m. 


* (5) The brass scale of a barometer was correctly graduated at lo°C. At what 

temperature the observed reading will require, no tem^ erature correction ? 


Let t be the required temperature, then H 0 * 


fl r {l + 0 , 0000 19(/-lfi) [ 

U+’o*odoi8i<) 


(Coefif. of linear expansion of brass® 0*000019). Here, we have H* 
l + 0*00dl81^ 1 4 0*000019(^ — 15) ; or t- - 1*8°C. 
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Questions 

'Art. 20, 

1. Distinguish between the real and apparent expansion in the ease of a 
liquid. Establish a relation between them and the expansion of the material 
of the vessel. (C. U. 1910, ’22, ’26, ’30 ; Pat. 1927, ’28, ’80, .’41 ; cf. All. ’44). 

2. When hot water is thrown on the bulb of a thermometer, the mercury 
column first falls and then rises. Why is this ? 

8. The readings of two thermometers containing different liquids agree at 
the freezing point and boiling point of water respectively but differ at other 
points of the scale. What inferences do you draw from this ? 

Art. 22. 

4. Describe the simple method of finding out the apparent expansion of a 

liquid. . (C. U. 1916, ’26 ; Cf. Pat. 1930). 

The co- efficient of expansion of mercury is If the bulb of a mercu- 

rial thermometer is 1 c. c. and the section of the bore of the tube O'OOi sq. cm., 
find the position of mercury at 100°C., if it just fills the bulb at 0°C. (Neglect 
the expansion of glass;. • (C. U. 1916). 

[ Ans : 18 cm. nearly] 

5. Describe a weight thermometer, and deduce the formula you would 
use to determine the absolute co-efficient of expansion of a liquid with it. 

(Pat. 1948 ; All. ’44). 

6. Describe how to measure the absolute expansion of a liquid with the 
wt. thermometer. A wt. thermometer contains 43*218 grms. of liquid at 15°C., 
but only 42*922 grms. at 40°C. The co-efficient of linear expansion of glass 
is 0*000009. Find the absolute co efficient of expansion of the liquid. (Punjab). 

[Ans : Absolute co-efficient = 0*000303]. 

7. The density of water at 20°C. is 0*998 gm./e.c., and at 40°C. it is 

0*992. Find the co-efficient of cubical expansion of water between the two 
temperatures. * (S. C.) 

[Ans : 0’00030/°C.] 

*8. Two scratches on a glass rod 10 cm. apart are found to increase their 
distance by 0*08 mm., when the rod is heated from 0° to 100°C. How many 
c.c. of too much boiling water will a measuring flask of the same glass hold up 
to a scratch on the neck which gave correctly one litre at 0°C ? (S.C.) 

[Ans : 2*4 c.c.] 

9. The co-efficient of linear expansion of glass is 8x 10“ 6 7 * 9 and the co-effi- 
cient of cubical expansion of mercury is I'8xl0~ 4 /°C. What volume bf 
mercury must be placed in a specific gravity bottle in order that the volume 

, of the bottle not occupied by mercury shall be the same at* all temperatures ? 

- (S. C.) 

J ft vol. of bottle]. 
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10. The apparent expansion of a liquid when measured in a glass vessel 
1$ 0*001029, and it is 0*001003 when measured in a copper vessel. If the 
^-efficient of linear expansion of copper is 0*0000166, find that of glass. 

[Am: 0*000Q079]. 

11. A weight thermometer contains 700 gms. of mercury at 100°C. What 
is its internal volume at that temperature? (Density of mercury— 13*6 ; 
oo-efficienfc of expansion — 0*000182). 

[Am : 52*4 c.c.] . 

Art. 23. 

12. Calculate the apparent co-efficient of mercury from the following 
data : — 

A mercury thermometer wholly immersed in boiling water reads 100*C. 
When the stem is withdrawn so that graduations from 0° upwards are at an 
average temperature of 10°, the reading is 98*6°. (C. U. 1940). 

[Am : 0*000155], 

Art. 24. 

13. Describe Dulong and Petit’s method of determining the co-efficient of 

real expansion of mercury with rise of temperature. Knowing the expansion of 
mercury, show briefly how you would find the expansion of another liquid 
between 0° and 300°C. (Pat. 1917 ; cf. *42) 

14. A U-tube containing a liquid has two limbs maintained at 15°C and 
and 100°C. respectively. On reaching a steady state the lengths of the liquid 
columns are 97 cm. and 102 cm. What is the co-efficient of expansion of the 
liquid ? Is this real or apparent expansion ? Give reasons. 

[.4ns : 0*00057 approx.]. 

Art. 25. 

15. The loss of weight of a weighted bulb, when immersed in a liquid 

at 0°C., is W 0 . Show that the loss W at £°C. is given by W= W 0 jl + (< — 
where < and /3 are the co- efficients of expansion of the bulb and the liquid 
respectively. Sketch an apparatus to determine the apparent co-efficient of 
expansion of a liquid by the above formula. (All. 1922). 

16. A solid body is weighed successively under a liquid at different 
temperatures. Explain how the heating will affect two different weights, 

(Pat. 1927). 

17. How would you prove, without weighing that, bulk for bulk, cold 
water generally weffehs more than when hot ? 

. 18. The density of water at 4°C. is 1, and at 80°C. it is 0*9718. Find 

ishe difference of the two weights of a cube of glass of 3 cm. edge when weighed 
in water at both the above temperatures. (The co-efficient of linear expansion 
-of glass is 0*00009). 

[Am ; 0*708 gmj 
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10. A piece of gl&Bs weighs 4*525 gms. in air, 2'617 gms., when immerse*! 
in water at 20 9 C., and 2*881 gms. in water at 100°C. Find the mean co-effi- 
cient of expansion of water between 20° and 100°C. (oo-efficient of cnbioa! 
expansion of glass is 0*000255). 

Are. 26. 

20. Water is said to have its maximum density at 4°C. Explain what 

this means. In what respects is the behaviour of mercury different from that 
of water when both are gradually warmed from 0°C. (C. U. 1987). 

Art. 26(a). 

21. How would you demonstrate that water while being cooled acquires 

the maximum density sometime before it begins to freeze. (Pat. 1987.) 

22. A uniform glass tube one metre long contains a column of mercury 
at an end. How long must this be m order that the length of the tube 
unoccupied by mercury shall remain unaltered when the whole is heated ? 
(Absolute co-efficient of expansion of mercury 0’00018/°C„ linear co-efficient of 
expansion of glass 0'0000l/°C.). 

[Av8 : J length of tube]. 

Art. 27 

28. Show how would you correct the reading of a barometer for the 
expansion of the mercury and the scale. (Fat. 1926, ’35 ; Cf. 1982). 

24. The height of a barometer appears to be 76*4 cm. according to the 
brass scale which is correct at 0°C. If the temperature at the time of reading 
80°C., what is the actual height of the mercury column ? The co-efficient of 
linear expansion of brass is (V000018. How is the quantity determined 
experimentally? (C. U. 1920). 

[Hints —Correct reading - 76*4(1 + 0*000018 x 30) - 76*4418 ems.] 


CHAPTER IV 

Expansion of Gases 

28 Expansion of Gases.— While dealing with the expansion of 
solids and liquids we did not take into consideration the pressure to- 
which they were subjected, as change of pressure does not produce any 
appreciable change in their volume, but to make a complete statement 
>bove the condition of a gas, its prmurefwbme and temperature must 
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be given. In mathematical language we say that gases have three 
variables P, F, and t , and the relations between these variables are 
included in the gas laws. They are as follows. 

(1) The relation between pressure P and volume F, when tem- 
perature t is constant. 

(2) The Halation between volume and temperature, when pres- 
sure P is constant . 

(3) The relation between pressure and temperature, when volume 
V is constant . 

The first of these has been considered in Boyle’s Law (Art. 138, 
Part 1) which states F^l/P, when t is constant. 

29. Expansion of Gases at Constant Pressure. —This was 
investigated by Gay Lussac, who stated that all gases expand by a 
constant fraction (*far) of their volume at 0° G. for each rise of tempera- 
ture of i°C., the pressure remaining constant . This is known as 
Charles’ Law. 

Charles first found out this relationship for a gas, hut he did not 
publish his work. In 1802 Gay-Lussac investigated the same law, 
who later on found Charles’ manuscripts and remarked that Charles 
had discovered the law fifteen years earlier. So it is sometimes known 
also as Gay-Lussac’s Law. 

Thus, if V 0 and Vt be the volumes of a gas at 0°0. and i*C. 
respectively, Vt — V Q (l + Y P t), where Y P is the constant fraction, which is 
called the co-efficient of expansian of the gas at constant pressure, or 
simply as the volume coefficient . 

’ Vt - F 

Thus, 

The value of^v is found to be or 0 00366, and it is approxi- 
mately the same for all gases and not different for different gases, as in 
the case of solids and liquids. 

Thus, 1 c.c. of a gas at 0°C. becomes (1 +*ys) c.c. at 1°C. ; (1 +vtv) 
c.c. at 5 # C : (1 + Wff) o.c. at 50°C. ; and so on. 

Again, 273 c.c. of a gas at 0°C. becomes 273 (l +*for) c.c. i.e . 274 
c.c. atl°a;278 (l + WWcc. or 373 c.c. at 100°C. ; 273 (l+H$) o.c. 
or 383 c.c. at 110 g C. 

• [Mote. — In determining the co-efficient of expansion of a gas, the 
initialVolume of a gas should invariably be taken at 0°C., instead of 
taking it at any bther temperature, which can be allowed in the case 
of solids and to some extent, of liquids, as the expansion of a gas for 

16 
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a small change of temperature is very large in comparison with the 
very small expansion of a solid or that of a liquid ; or, in other words, 
the co-efficient of expansion of a gas is not a very small fraction as in 
the case of solids or liquids. 

Eor the above reason we did not so much insist on specifying any 
lower temperature in the formula relating to the expansion of solids 
and liquids. Thus, in calculating the expansion of gases t we should 
always mind the words “ 0 / their volume at Q°C.*\ and we shall get 
wrong results if we take the original volume at any other temperature, 
say 10°C. or 20°C. as in the case of solids and liquids. 

Suppose we have 373 c.c. of a gas at 100 G., and we 
want to find its volume at 110 c C. By directly applying 
the formula V 110 - 7 100 (l + -sV°x) we get, 

F 110 - 373(1 + WV) - 373 + 13*67 - 386*67. 

But this is not what it should he, for the correct 
volume of 373 c.c. at 100 C. will become 383 c.c. at 
1 10°0., as seen before. This shows the importance of the 
words “of their volume at O'C.” 

That the above point is not so important in the case 
of solids will be shown thus : 

Suppose we have a rod of iron which is 100 cm. long 
at 0°C., then at 100 C. it will become 100 (l +0 000012 
x 100) or 100*120 cm. At 110 C. it .will become 
100(1+0*000012 x HO) or 100*132 cm. 

Constant Again by applying the formula directly, as in the above 

Pressure Air case, ^no 83 ^100 (1 + 0 0000 1 2 x 1 0) “ 100 12 ( 1 + 0 00012) 
Thermometer. 1001520144. 

The difference in the two results, which is 0 0000144, can easily 
be neglected for our purposes, and this clearly shows the importance 
of always considering the volume at 0°0. when calculating expansion 
of gasesj. 

30. Co-efficient of Expansion of a Gas at Constant Pressure. 

Verification of Charles Law — Two methods are given below for 
determining the co efficient of expansion of a gas at constant pressure 
using air in every case. 

(1) Expt.— Take a piece of capillary glass tube T of uniform bore 
and about 60 cm. long (fig. 22 . Pass a stream of hot air through the* 
tube for some time, and when the tube has been dried, seal off one end 
of it. by a blow-pipe flame. The tube is then gently heated with the 
open end dipped in mercury. On allowing the tube to cool, the air 
contracts and draws inside a small pellet of mercury which serves as 
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an index. Now fix the tube on a piece of millimetre scale S and dip the 
whole, closed end downwards, into a long jar containing ice-cold water 
(Water pins lumps of ice), so that the enclosed column of air is fully 
immersed in waiter. After some time take the reading of the lower 
end of the mercury pellet. Now heat the water until it boils, and 
again read the position of the pellet when it is constant. As the tube 
is of uniform bore the volume of the enclosed air is proportional to the 
length of the air column . 

Let x be the area of cross-section of the bore, and l ± and l 2 be the 
lengths occupied by the air column at 0° 0. and 100 5 C. respectively ; 
so J t x is the volume of air at (/C., and Z 2 X the volume at 100°C., 
neglecting the expansion of glass. 

The co-efficient of expansion, y P ^ ^ xloo (1) 


The air in the tube can be replaced by any other gas, and it will 
be found that the value of y r in every case will be the same , viz . 

(2) Expt.*— The co-efficient of expansion is also found by using the 
apparatus shown in Fig. 23. The air is enclosed in the bulb A of the 
(7-tube and kept dry by pouring strong 


sulphuric acid from the graduated limb B , 
which is open to the atmosphere. The 
(7-tube has a short tube below as an outlet 
closed by a tap S, and is placed in an 
outer-jacket, the bottom of which is closed 
by a rubber cork through which the short 
tube passes. Water is poured into the 
outer-jacket until the bulb A is immersed. 
The water may be heated by passing steam 
through a bent copper tube passing through 
the cork. A thermometer T is suspended 
in the water close to the bulb and also there 
is a stirrer (not shown in the figure) for 
stirring the water. 

Before taking readings, sufficient time 
should be given to the enclosed gas to 
attain the temperature of the water. Now 
the acid is poured in at B or run out by 



Opening S until its levels are the same in 


both the limbs. The air in A is then at ^ Fig. 23 

the atfnospheric .pressure and its tempera- Constant Pressure 

ture is noted and volume is read by the Air Thermometer, 

graduations. Steam is passed through the 


copper tube and the water is kept constantly stirred. The tern- 
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perature-rise causes the air in the bulb expand and force down the 
liquid which rises in the other limb. The temperature is kept constant 
for some time by regulating the steam, during which the levels of the 
acid are adjusted by the tap to be the same in both the limbs, and 
volume and temperature are read as before. The heating is continued 
and readings are taken at various higher temperatures until water boils. 

If V± and V 2 be the volumes 
of air respectively at t ± and £ a , 
we have, Fi* 8 F 0 (i + )y a ), and 

whence y p can be known as F lf 
V 2t ti and 1 2 are known. 

30(a). y p from Giapli . — If the 
temperature is plotted or* the sr-axis 
and the volume on the //-axis, a straight line graph is obtained (Fig 24), 
indicating that the expansion of the gas is uniform, or the pressure of 
a gas remaining constant, the volume 
increases regularly with the tempera- 
ture. On producing the graph back- 
wards it will cut the jr-axis at about 
- 273 t C. ; which means that the volume 
of the air (theoretically) becomes zero 
at - 273' , C. The volumes of air, V Q at 
0 # C. and Ft at some other temperature, 
are read from the graph, from which y P 
is calculated from the relation 
F,-Fo(l+y„f). 

81. Increase of Pressure of a Gas 
at Constant Volume — The relation 
between temperature and pressure of air 
at constant volume can be verilied by 
an apparatus (Fig. 25 ) like the Boyle’s 
Law tube with the addition of a glass 
bulb in place of the straight closed 
tube. 

Jolly's Apparatus. — The bulb B and 
the capillary tube D above the mercury 
surface contain dry air. The bulb is 
placed in ice-cold water (water plus 
lumps of ice) contained in a beaker. 

Jffow adjust the level of mercury till it reaches some point D marked 



Fig. 25 — Jolly’s Constant 
Volume Air Thermometer. 
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on the stem, the point being as near the bulb as possible. Bead the 
• difference in the levels of mercury in the two tubes B and C. Let it be 
A*. Then the pressure of air in the bulb* say P 0 , is II+h ±9 where H is 
the atmospheric pressure. Now heat the water till it boil9, and bring 
the mercury level again up to the same mark D. Bead the difference 
in levels. Let*it be A a . Then the pressure of air in the bulb at H)0°C., 
say P 100 , is iT + h 2 . 

Then, we have, y„<= — (2) 

81(a). y„ from, Graph. — It the temperature is increased gradually in 
steps and the corresponding pressures are noted, a graph may be plotted 
with temperatures on the x-axis and pressures on the j/-axis. On 
drawing the graph on a smaller scale and producing it backwards, it 
will be a straight line (Fig. 26), cutting the z-axis at about - 273 # C., 
that is, at zero pressure the tem- 
perature is theoretically -273 r C. 

The straight line indicates 
that the pressure increases uni- 
formally with the temperature 
when the volume of the gas 

remains constant. -so" -aoo H S4MreRS2njRE 100 

Beading from the graph, the 
values of P 0 at 0°C f and Pt at Fl S- 26 

any other temperature, Vv can be conveniently calculated, and, in this 
.•experiment, water at the temperature of the laboratory can be used 
instead of ice-cold water. 

The result obtained for air is and the same vafte is also 

obtained for othpr gases which obey Boyle’s Law. So, we have another 
form of Charles’ Law known as the Law of Pressures, which states 
that the pressure of a gas at constant volume increases by of its 
pressure at 0°C. t for each degree centigrade rise in temperature. 

. 82. Relation between y p and y v . — For any gas obeying the laws 
’of Boyle and Charles it may be shown that If the "tem- 

perature of any mass of the gas be increased from 0° to t° while the 

pressure remains constant, yve have, Vt ** V a (l + Y P t) (1). Now 

" incasing the pressure from P© to Pt , while the temperature remains 
'.at*i\ until the volume is -F 0l we have, by Boyle’s Law, P« Vt 

2).. From (1) and (2), Po (l + y P *)-P, (3). If, bow- 

ever, "the temperature of the gas had been increased from 0° to t*, while 
the volume remained constant, then Pt • Po(l + Yvt) (4). 
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Hence from (3) and (4), we have, V P ** Y Vt or the volume co-efficient 
of a gas is equal to its pressure co-efficient . 

S3. Gas Thermometer. — The use of gases as thermometric sub- 
stances is a very important application of their expansion. A perma- 
nent gas, which obeys Boyle's Law, can be used as a ihermometric 
substance, and both the instruments described above can be used as 
thermometers for measuring any unknown temperature. One may be 
called a Constant Pressure air thermometer , and the other a Constant 
Volume air thermometer , if air is used instead of any other gas. 
Taking the value of y to be uys, the temperature can be determined 
by any of the relations (1) and (2) given in Arts. 30 and 31, 
though in practice the constant volume air thermometer is found more 
convenient. 

For gas thermometers, air, oxygen, hydrogen, helium, nitrogen, etc., 
have been used by different observers. By using helium gas in the bulb 
it can be used almost down to the absolute zero, and, with a non- 
fusible bulb, temperature even above 1000 C. can be measured. 

Gas thermometers are used as standards with which mercury and 
other thermometers are standardised by comparison. In the National 
Physical Laboratory of London, a constant volume hydrogen ther- 
mometer is kept as a standard gas thermometer. 

33 (a). Measurement of Temperature — (1) To find the tempe- 
rature of a given bath with a constant volume thermometer, find 
the pressure of the enclosed gas at 0°0. and Pt , the pressure at any 
unknown temperature t of the bath. Then, we have, 


?9 m 


Pt-Po 
Pot * 


or t 


= 070 Pt ~ P q 
P oYv Po ‘ 


The value of Po can also be determined from the graph as shown 
in Pig. 26. 

(II) Graphical Method.— Plot two points corresponding to P a and P10& 
at 0 0. and 100 0. respectively and join them by a straight line as in Fig. 26. 
Now find the pressure Pt , at the same volume of the enclosed gas, corres- 
ponding to the unknown temperature t of the bath, and from the, graph read 
valuer of t corresponding to Pi « * 
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34. The Advantages and Disadvantages of a Gas 
, Thermometer. 


Advantages. — (i) Gases are more Expansible than liquids, so a 
gas thermometers much more sensitive than a liquid thermometer ; (ii) 
all gases expand or contract at the same rate and their expansian is 
very regular and uniform ; (Hi) a gas thermometer may be used over a 
much higher range of temperature by using porcelain bulbs, instead of 
glass bulbs, as glass softens at above 400°G. 


Disadvantages. — 0) It is bulky and cannot be easily moved 
about, and not very suitable for domestic use or for a doctor’s pocket ; 
(ii) on account of the size it cannot be ussd for such work as measuring 
specific heats ; (ii) it requires the use of a barometer to follow any 
changes in atmospheric pressure before the measurement of tempera- 
ture is complete. 


Examples — l Find the temperature of the boiling point of a salt solution Irom 
the following readings obtained with a constant pressure air thermometer. Position 
of mercury at O’C. = 7'2, and at 10Q n C. - 16' 8 ; position when the thermometer is in 
boiling solution = 17‘3 


Let volume of air at the unknown temperature f°C., then 7 P 


Vt - Vo 


Vo t 


But 


7/> 


^io.clT ^ ° . 
Vo X 10 M ’ 
Vt - v 0 

>\oo "" Vo 


x 100* 


Vt - T o 
t 

t l 7 ' 3 ~ T 1 

8 16*8 — 7*2 


r.oo-Fo 

100 

x 100“ 105*2°. 


t (2) The pressure of air in the bulb of a constant volume air thermometer is 73 
cm. of mercury at 0°C ., 100‘3 cm. at lOO'C., and 77'8 cm. at room temperature. 
Calculate the temperature of the room . * ? 


(As in Ex. 1), 


Vj_ -Pq 
-1*100 *“ Po 


x 100“ 


77*8- 73 

100*3-73 


x 100 


35. Absolute Zero and Absolute Scale. — 


17’6°C. 


(a) If we apply Charles’ Law to temperatures below 0°C., the 
volume of a given mass of any gas at constant pressure will diminish 
by vH of its volume at 0°C. for each degree Centigrade fall of 
temperature. 


Thus 1 c.c. of gas at 0°C. becomes (l - c. c. at 

M f. M II n ( 1 IT?) >» 


II II „ II II 

^11 II II II 


*1 


,1 (l“7Tff) >' 
„ (1 - ift) or 0 „ 


-rc. 

-2*C. 
- 8 C 0 . 
-100°0. 
- 278 # C. 



ll 


V 
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CENTI- 

GRADE 


ABSOLUTE 


Therefore the volume of the gas will be* reduced to nothing at — 273°C. f 

i e.the particles of the gas at this tempera- 
ture are in close contact. The temperature 
(-273°C.) is thus the lowest temperature 
possible on the gas scale, and is known 
as the Absolute Zero . The s'cale in which 
temperatures are reckoned from - 273°C. 
as zero deqree , and in which other divisions 
are numbered, startina from this tempera- 
ture, is called the Absolute Scale of tem- 
perature (see Fig. 27). 



The result stated 


from the relation, Vt = V t 


above also follows 
t 


'( 1 + 27 3 )- 


If t is the Centigrade temperature when 
the volume becomes zero, we have 


()~ V 


+ 27a) ’ 


or £ = — 273°C. 


Fig. 27. — Absolute Scale. 


Thus, on the Absolute scale, 0°C. = 273° 
Absolute; l00°C.~(100 + 273)»373° Ab- 
solute; and i°C, = (27 -I +t)° Absolute, 
which is usually written T°A (see Fig. 27). 


Thus, Absolute scale valne^ Centigrade scale value* 278. 


The above idea is also obtained from the graph in Fig. 24. It 
has been found there that the volume of the air theoretically becomes 
zero at — 273°G., which the scientists have called the Absolute zero . 

The above result may be theoretically true but it is physically 
impossible, as all known gases liquefy and then become solid before 
{this temperature is reached. As a matter of fact, air starts liquefying 
at about - 184°C. Hydrogen keeps to the straight line path down 
to-269°C. 1 By the evaporation of liquid helium a temperature as low 
as - 272°C. has been reached, but the absolute zero has never yet been 
reached . At the absolute zero temperature there would be no heat in 
the substance, the molecules of which would have no kinetic energy 
and so would stop moving. 

(b). Absolute Scale Value on the Fahrenheit Scale . — Remember that 
we have so long considered centigrade scale according ‘to which Abso- 
lute zero*" -273*0. But if the temperatujre is measured on the Fahren- 
heit stale, the Absolute zero becomes eqpal to 491/4 Fahrenheit degrees 
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below the freezing point (32°F.), because 273° on the Centigrade scale 
*273 * f*49i‘4 on the Fahrenheit scale. 

So Absolute zero * 32 ~ 49 1*4 * — 45§’4°F. 

32°F, * # 459’4 + 32* 491’4°F. Absolute-; and * # F.-(469'* + «)°F- 
Absolute. • i 

Thus, Absolute scale value** Fahrenheit scale vilue + 459' 4, 

Charles’ Law —Again, a Fahrenheit degree iB $ of a centigrade 
degree, so the value of the co-eiticient of expansion of a gas at constant 
pressure, which is per degree Centigrade, becomes equal to 
or Therefore according to the Fahrenheit Scale our 

formula for Charles' Law becomes. 

36. Other Forms of Charles’ Law.— According to Charles’ Law, 
-we get, P~7„(l + 2 ‘-); Again 7'- V a (l + ^- g ) ; 

V 273 4 - 1 T • 

' Y " 278+7 * T' % w ^ ere ^ an< * ^ denote absolute tem- 
peratures corresponding to Centigrade temperatures t and t\ 

V Y 

Hentje — * ^ * a constant , when P is constant . 

or V < T, token P is constant. 

In other words, the volume of a given mass of any gas is directly 
proportional to the absolute temperature when the pressitire remains 
constant . 

* P T 

Similarly, from the law of Pressures, we get, p 7 ** y' ; 

p 

Hence ^ **a constant , when V is constant . 

or P^P, when V is constant . 

In other wor^s, the pressure of a given mass of any gas is directly 
•proportional to the absolute temperature when the volume remains 
• constant 

37. The Law connecting Pressure, Volume and Temperature 
of a Gas.— Let P, 7, T denote the pressure, volume and absolute tern* 
peratnre of *\given mass of gas; 
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then F*«l IP when T is constant (Boyle's Law), 

and F«*T, when P is constant (Charles' Law). 

V^T/P, when both T and P vary. 

T r 

That is V**Bp , where R is a constant. 


PV P'V' 

or * R (a constant) = ^ , where P' and 


7' indicate th& 


the values of pressure and volume respectively of the same amount of 
the gas at another absolute temperature T’ 


or PF—PT, where R is called the Gas constant , whose value 
depends only on the mass of the gas whatever the gas is. 

This is a combined form of Boyles and Charles Laws . This equa- 
tion is generally called the Gas Equation or the Equation of State , for 
the physical state of a given mass of gas is completely determined by 
knowing its: pressure, volume, and temperature. Knowing any two of 
the three quantities, P, F, and T, the third can be calculated from the 
above equation, where the value of the constant 11 depends on the mass 
of the gas under consideration . 

37 (a). The value of the gas constant R .— One litre of air weighs 1293 gnu 
at N . T. P. Find the value of R, considering 1 gm of nir. 

The volume of 1*293 gm. of air at N. T. P. = 1000 c.c. 

1000 

• • >» »» 1 8 lU * M »♦ If **“ i *.> f W G * C ' 


The normal pressure of the atmosphere * 1*013 X 16° dynes per sq. cm. 


We have, PV**ltT. 1*013 X 10 6 x -R * 273 ; jSoR = 2 87xlO« 

1 293 

Ergs, per degree centigrade. 

88. Another form. ( Change of density ). — It is often useful to 
consider changes of density instead of changes of volume. If D, D' 
represent the original and final densities of a mass M of gas, and F, V* 
be the corresponding volumes, then 


M=VxD=V'*D' ; 


So the equation 


PV 

T 


or V^M/D, and V'^M/D' 1 

P'F' , PM PM 

“ ji' becomes jjyf m -q jr > 


P P' p p 1 

’• a constant, or , when T m T. 



Hence, the density of a gas at constant temperature varies directly* 
as the pressure. 

Again DT^D'T\ when P - P'. 

Hence the density of a gas at* a constant pressure varies 
inversely as thcf absolute temperature. 

Meaning of N. T. P. — When a gas is at a temperature of 0 C. and 
a pressure of 760 mm. of ice-cold mercury, the gas is said to be at 
normal temperature and pressure — written as N.T.P. 


39. Perfect Gas. — A gas for which the relation PF—PT is abso- 
lutely true is called a perfect gas. None of the known gases is perfect, 
but gases such as oxygen, nitrogen, hydrogen, helium, etc. which 
are not easily liquefiable, behave almost like a perfect gas for ordinary 
ranges of temperature and pressure, while gases like sulphur dioxide 
or carbon dioxide, which can be easily liquefied, cannot be called a 
perfect gas. So a perfect gas absolutely obeys Boyles and Charles 1 
Laws. ^ 

Examples.— v) A quantity of dry air occupies WOO c. c at 20°C. and under a 
pressure of 760 mm. of mercury. At what temperature will it occupy 1400 c c under 
a pressure of 760 mm of mercury ! (C. U. 1929) * 


We have, 


BV F'V' 
T ~ T f 


760X 1000 
° V 273+ 20 


750 x 1400 
273 + t ’ 


whence f*131*8°C. 


(2) The measurement of a room is 50 Jt. x 30 ft. If the temperature of the room is 
increased from 20° C to 25° C calculate what percentage of the original value of air 
will be expelled from the room , the pressure remaining constant . 

Let V t = original volume of air* volume of the room® (50 X 30 x 25) cu. ft. 
F a = final volume of air at 25°C., T t = 20 + 273* 293°C. Absolute. 

• T 2 * 25 + 273 = 298°C. Absolute. 


w , V 2 V x 
We have,^-= *» 


\\ X T 2 (50 x 30 x 25) X 298 


2 T ± 293 

Volume of air expelled* 38139*9 — (50 x 30 x 25) — 639*2 cu. ft. 


- 38139*9 cu.ft- 


Hence percentage of 


639 9 

air expelled 100-1W. 


(3) Find the mass of one cubic metre of dry air at 62°F. and a pressure of 75 cm. 
of mercury , the density of air at N . T. P . being 0 001293 gm per c. c . 

62°F - (62 - 32) X $ - 16’6°C. * 273 + 16*6 - 289*6°C. Absolute. 

The mass of a cubic metre (10 6 c.c.) of dry air at N. T. P. 

„ * -10 6 x 0*001298 -1293 gm. 

. If Z) be the mass of a cubic metre of air at 75 cm. of mercury and 
We have 


D x 289*6 1298 x 278; 


76 


(see Art. 88) ; whence D — 1208 gm. 


75 
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( 4 ) The mas s of l litre of air at O'G is 2*293 gm when the pressure is 1 013X10 • 
dynes per sq cm . Find the value of R in the equation PV~RT 

The vol. of 1'293 gm. of air is 1000 c. c. So vol. of 1 gm is 1000/l'293c.c a 

So, we have, l'OlSx 10° x - ft x 278. [V 0°C./=278 e C. Absolute] 

1 298 

u roi8xio®xiooo oor? 1Afl t, , , 

o/ ii = 213 x 1~293 - “ 2 87 * 10 El ’ g8, P er degree centigrade. 

(5) Deteimme the height of the barometer when a milligram of air at 30° C 
occupies a volume of 20 i. c. in a tube ovei a tiouqn of meicuiy, the mercury standing 
730 mw. higher inside the tube than in the tiouqh, (2 c. c o/ dry air at N. T. P. 
weighs 0 001293 gm ). 

The wt. of 20 o. c. of mr at 80°C.»*1 mgm. — 0*001 gm., and so, 
wt. of 1 c. c. — 0 001/20 gm. 

l> 

If V be the pressure of the enclosed air, - 

°“'x (S7S+S0) 

270 

“ 0*001298 x 273 ; wheiloe P ~ 326 mni * 


The height of tho barometer -730 + 82*6 = 762*6 mm. 


(0) When tlu temperatuie of the an is 32° C. and barometer stands at 7 Vi mm., 
the apparent mass of a piece of silver h hen ^ountei poised by brass weights in a delicate 
balance is found to be 23 gm. What is ttie actual mass i The density of silver is 
10*5 and that of bias s H 4, both at 3 i°C. 


Let m gm. be the true mass of the silver, then itR volume w/10'5 c. c , 
which is also the volume of air displaced by it. 


This volume reduced to N. T. P. becomes** ~z x 77^~~r x • 

10 5 (278 + 32) 760 

But the mass of 1 c. c. of dry air at N. T. P. = 0*001293 g ( m. 

/ . The mass of the above volume of air 


-0*001 293 x - - x 
10 5 


273 

(278 + 32) 

Hence the apparent mass of silver in air 
0*001 1497 iir ( , 0 0011497 

wi "V 105 


x^-0 0011407 xji'i- 


'Itt- 


gm. 


( 1 ) 


The volume of brass weights is 25/8’4 e.c., and the mass of air displaced by 
-the weights — 0*0011497 x 25/8*4 gm. 


The apparent mass of the brass weights m ait 

, 0*0011497) 

-28 1 1 - 8 . 4 ~ Jgm. 


( 2 ) 



QUESTIONS 


m 


Since the apparent masses of silver and brass are in equilibrium, we have. 


from (1) and (2), m 


< , 0*0011497 OJ J , 0*0011497 \ 

l 8*4 . 6 t 8*4 f ; 


8*4 

or m— 24*9934 girt. 


(7) A litre of air at 0°C. and under atmospheric pressure weighs 1'2 gms Find 
the mass of the air required to produce at- 18° C. a pressure of 3 atmospheres in a 
volume of 75 c. c. (Pat. 1974) 


Let P be the atmospheric pressure. Then the pressure on the mass of the 
air — 3 J\ and its absolute temperature T — 278 - 18 = 255°. 


pV 

Then from the formula „ 


PV , Px V 8Px75 , 

r ' we have lm 255 ' where 1 ,B 


the volume of the mass of air at 0°C. and at atmospheric pressure P, whence 
7- 240*83 c.c. 


But the mass of 1 litre or 1000 c. c. of air at 0°C. and atmospheric pressure 
is 1*2 gm. 


240’Rfi X 1*9 

• * The mass of 240*88 c.c. of air* ‘0*289 gm. 


1000 


Questions. 


Art 28. 

1. State concisely the relations between the volume, pressure, and tem- 
porature of a gas. Describe an experiment to prove the relation between 
pressure and temperature when the volume is kept constant. (C. U. 1912) 

•Art. 29. 

2. A flask which contains 250 c. c. of air at atmospheric pressure is heated 
to 100°C. and then corked up. It is afterwards immersed mouth downwards in 
a vessel of water at 10°0 , and the cork removed. What volume of water will 
enter the flask if the final pressure is atmospheric ? 

[A ns : 60*4 c. c.] % 

Art. 30. 

8. Describe an experiment to find the co-efficient of expansion of a gas at 
constant pressure. (C. U. 1929, ’85, ’40 ; Pat. *82)- 

Arc. 31. 

4. Describe the constant volume air thermometer and explain how will 
• you use it to find the melting point of wax- (All. 1927, cf. 20 ; Pat* 1986) 

6, The pressure, in *a constant volume air thermometer is 770 mm. at 
15°C. What will it be at 20*0, ? (0. 

\Ane : 788 mm,] 
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Art. 33. 

6. Explain how the thermal expansion of air can be utilised as a convenient 

means of measuring temperature. (All. 1018, ’24) 

Art. 35 

7. What is meant by ‘absolute temperature’ ? Find the value of the 

.absolute zero on the Fahrenheit scale. (Pat. 1928 ; C. U. 1982, ’88) 

[Ans: -459*4°F.] 

Art. 36. 

8. Why is it necessary to take account of the pressure of a gas in deter- 
mining its co-eflicient of cubical expansion ? 

200 c.c. of air at 15°C. is raised to 65°C. Find the new volume, the pressure 
remaining unchanged. (C. U. 1915) 

[Ans : 234*7 c. c.l 

9. A gas at 13°C. has its temperature raised so that its volume is doubled, 
the pressure remaining constant. What is the final temperature ? (Dac. 1933) 

[Ans: 299°C.] 

10. Find the percentage increase of pressure in the tyres of a bicycle 

taken out of the shade (59°F.) into the sun (95°F.), disregarding the expansion 
of the rubber. (L. M.) 

[Ans ; 7%.] 

Art. 37 

11. At what temperature would the volume of a gas be doubled, if the 

pressure at the same time increases from that of 700 to 800 millimetres of 
mercury ? (C. U. 1918) 

[Ans: / = 351°C.] 

12. What volume does a gram of carbonic acid gas occupy at a tempe- 
rature of 77°C. and half the standard pressure ? (1 c. c. of carbonic acid 

weighs 0*0019 gram at 0°C. and standard pressure). (C. U. ,1912 ; cf. ’18, ’83) 

[Ans : 1849 c.c. nearly.] 

13. Establish the relation PV- ltT J for a gas. Given that one litre of 

hydrogen at N. T. P. weighs 0*0896 grn., calculate the value of B for a 
grAmme of the gas. (C. U. 1988) 

[See Art. 37 (a)] 

14. State how the volume of a gas changes when its temperature and 

pressure both.change. , (Dac. 1921 ; ’33) 

15. Air is collected in the closed arm of a Boyle’s tube and the volume 
found to he 32 c.c., the temperature being 17°fl., and the height of the 

^barometer 753 min., while the mercury stands at 3*5 cm, higher in the closed 
turn* than in the open one. , What would be the volume of the air at 0°0. and 
780 mm. pressure ? < (0. L.) 

. : 297 c. c.] 
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Art. 38. 

16. The mass of 1 c. c. of hydrogen at 0°C. and 760 mm. pressure is 
'0*0000896 gm. per c.c. What will be its mass per c.c. at 20°0. and 760 m.m. ? 

[Ans : 0*000Q885 gm./c.c.] 

17. A flask is filled with 5 gms. of a gas at 12°C. and then heated to 50°C. 
Owing to the elcape of some of the gas, the pressure in the flask is the same 
at the beginning and end of the experiment. Find what weight of the gas 
has escaped. 

[Ans : 0*47 gin.] 


CHAPTER Y 

Calorimetry 

40 Quantity of Heat. — If we take 10 grams of water and raise 
its temperature from 10°C, to 20°C., then the quantity of heat required 
for this purpose will raise the temperature of 1 gram of water through 
100°C.. or 100 grams of water through 1°C. 

From, this we find that the quantity of heat required to raise the 
temperature of a substance through a given range depends on its mass 
and range of temperature, i.e. on the number of degrees through which 
•it is heated and, we shall see later on, it also depends on the nature 
of the substance. \ 

Calorimetry means the measurement of quantities of heat. The 
vessels in which* the measurement of quantities of heat are carried out 
are called Calorimeters. These vessels are generally made of copper. 

41. Units of Heat. — 

Calorie. — It is the amount of heat required to raise the tempera- 
ture of one gram of water through l°C. This unit is called a calorie or 
therm or gram-degree Centigrade Unit. This amount is a quantity 
which can be added, subtracted, multiplied, and divided, just like any 
other quantity. . 

- The British Thermal Unit (B. Th. U.) or paund-degree Fahrenheit 
Unit is the amount of heat required to raise 1 pound of water throwgh 
I°F. 

The Centigrade Heat Unit (C. H. U.) is the amount of heat 
required to raise one pound of water through 1 C. 
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Thus, heat reqd. to raise 1 gm. of water through 1°“ 1 heat unit 

•I II II ^ tl „ )| H * 8 || || 

it ii ii ^ ii m m ** ^ *“* 971 „ tt 

» n n ^ »i n i* ii l ^ Wit ft ,, 

41. (a) Relations between the Units 

1 lb. of water * 453 6 gms. of water ; and 1°F. *^°0. ' 

1 B. Th. U. " 453*6 x £ » 252 calories. 

Thus t to convert from calories to B. Th. U. multiply the calowes by 
11252 ; and to convert from B. Th. U. to calorieSf multiply the B . Th* 
Ufs by 252. 

Again, a Centigrade degree is J of a Fahrenneit degree, so the- 
pound-degree Centigrade Unit*£ or 18 B Th. U , and, since, 1 
ponnd - 453*6 gm. 

.* . The pound-degree Centigrade Unit =-- 453 6 calories. 

42. Principle of the Measurement ot Heat. — Take two beakers 
of the same size. Into one of them put 50 cc of water (mass** 50 
grams) at 40 C., and in the other 50 c.c. of ice-cold water. Now 
quickly mix the contents ot the two beakers. It will be found that the 
final temperature of the mixture is midway between 40°C. and 0 C., 
eg. 20°C. 

Again, if 100 grams of water at 60°C. is mixed with 110 grams of 
water at 20°C. the resulting temperature of the mixture will be 40*C. 

In this experiment we assume that (a) the quantity of heat gained 
or lost by one gram of water taken at any temperature for a change of 
1°C. is constant, i e. it is the same whether the temperature changes 
from, say 30* to 31°, 80 to 81, or 56° to 55" , (5) the exchange of htat 
takes place between the two quantities of water without any loss or 
gain of heat from any other causes. 

In other words, the heat lost by 50 grams of warm water is equal 
to the heat gained by 50 grams of cold water, or again the heat lost by 
100 gms. of water in cooling through 20 # C. (from 60° to 40°) has raised 
the temperature of 100 gms. of water through 20° (from 20° to 40°) 
This is the main principle of the measurement of heat, i.e . 

Heat lost - Heat gained. 

or 50(40-$)-50 (*-0) ; or 2000-50^50 t ; or t- 20"C. 

[Note.— If two masses and are added, the resultant mass w* m t +m£, 

and if two quantities of heat Q x and Q 2 are added, tbo resultant quantity 
Q m Q% + Q* ; but temperatures do not follow the additive law , viz. if two bodies 
temperatures 0 X and 0* are mixed up, tye resultant temperature 0 of the 
mixture is not equal to 0* + 0 8 .]. ** , 
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48. Specific Heat. — We have seen that by mixing 10Q grams of 
water at 60°C. with 100 grams of water at 20°C., the resulting tempera 1 
ture of the mixture becomes 40°C. But if 100 grama of ,wa^r at 6Q*{3.‘ 
are mixed with 100 grams of turpentine at 20°0., the resulting tempera- 
ture of the mixtfure will be about 48°0. Thus, the heat given out 
by the water in cooling through 12 0. is sufficient to raise the 
temperature of turpentine through 22 0. If any other liqpi d is taken 
the result will be different. Again, if equal masses of different metals 
are heated to the same temperature, and then each of them is ’dropped 
into a beaker containing water at the room temperature, the mass of 
water in each beaker being the same, it will be found that waters in 
the beakers will rise to different temperatures. On calculating thfe 
quantity of heat in each case it will be iound that different metals have 
given out different amounts of heat in cooling through the same range 
of temperature. It is also evident that these metals absorbed different 
amounts of heat, when heated through the same range of temperature. 

Experiment.— Place a number of baiis of different metals, say lead, tin, 
bass, copper, iron, and of the same mass, 
say m gins., m a vessel of boiling water. 

After a few minutes iemcm* the balls and 
place them on a thick slab of paraffin. 

The balls will melt the paraffin, but not 
to the same amount (see Fig. 28). The 
balls which absoibed the most heat will, 
of course,, sink further in the paraffin. 

Since the mass ( m ) and the rise of 
temperature (/) are the same in each 
* case, there is some specific property of the substances on which the 
quantity of boat taken up by each of them depended. This property is 
called the specific heat of the substance. , , 

The heat //Required to raise the temperature of m gms. of water 
through CG.^mt calories. 

The heat required to raise m grams of mercury through the same 
range of temperature (t°C.) is much less than mt calories, 

If H' denotes this amount of heat, we have, II °*mt ; or Ii f — s.mt, 
where s depends upon the specific property of mercury. This is called 
specific heat which is numerically equal to the number of heat 
unit6 required to raise 1 gram of a substance through 1 0. 

Specific heat of a substance is given by the ratio of the quantity of 
heat required to raise any mass of the substance through any grange of 
temperature to the quantity of heat required to raise an equal L ma§s of 
fbater through th&same range of temperature . 

17 
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Fig. 28. 
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Specific heat, therefore, is a mere number involving no unit, i.e. in 
both the t units the value of the specific heat of a substance is the same. 
Thai, if m be the mass of a substance and s its specific beat, 

t m Amount of heat r e qd. to raise m gms. of substance through t* C, 
Amount of heat reqd. to raise m gms. of water through t°C. 

Similarly, in British units 

Amount of heat reqd. to raise m lbs, of s ubstance through t ° F. 
Amount of heat reqd. to raise m lbs. of water thfough f°F. 

But the amount of heat required to raise m grams of water 
through t° 0. is mt calories, (the sp. ht. of water being unity). 

Therefore, the amount of heat required to raise m grams of a Bubs- 
tanoe through t° C. “wxjx( calories. 

Also the amount of heat required to raise m lbs. of a substance 
through f*F. “mXjxtB. Th. U. 

Thus the amount of heat required to raise the temperature of a 
body -Mats x sp heat x Rise of temperature. So we can say that the 
specific heat of a substance is the amount of heat required to raise unit 
mass of a substance through one degree in temperature. 

Now the specific heat of iron is O'll. This means that O'll 
calorie will raise the temperature of 1 gm. of iron through 1°G., or that 
O'll B. Th. U. will raise the temperature of 1 lb. of iron through l°P. t 
or that 0*11 pound-degree-centigrade unit will raise the temperature 
of 1 lb. of iron through 1°0. Similarly 1 gm. of iron in cooling through 
1*0. will give out 0*11 calorie. 

44. Thermal Capacity. — The thermal capacity of a body is the 
quantity of heat required to raise the temperature of the given body 
through 1°. 

If m gm. be the mass of the body and s its specific heat, the 
thermal eapaoity of the body “ ms units of heat. 

The specific heat of a substance is its thermal capacity per unit 
mass. 

Eaemple.— 2Vta density of tm substances are as 2 : S, and their specific' heats are 
<rli and 0‘09 respectively. Compare their thermal capacities per wpt volume. 

[0. XJ. 1989 ; ’84] 

Let the densities of the two substances be 2a and 8a respectively. There- 
fore, the maw per unit volume of the first substance is 2« gms., and that of 
the other is 8a gms. Hence the thermal capacity per unit volume of the first 
substance*- 2a x 0*12 ; and that of the second substance'- 8a x0‘09. 

• Thermal capacity of the first substance 2axQ‘ia .8 

* ’ Thermal capacity of the second substance 8*x 0'02*" 9 ’ 
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45. Water Equivalent . — The water equivalent of a body is the 
mesa of water whieh will be heated through 1* by the amount of heat 
required to raise the temperature of the*body through 1°. 


If tn gms. be,the mass of a body and s its speoifie heat, the amount 
of heat required to raise the temperature of the body through l°C“w»s 
cals. This amount of heat will raiBe ms grams of water through 1°C. 

Water equivalent of the body — ms grams. 

So the thermal capacity of a body is numerically equal to tie water 
equivalent, * 

46 Determination of the Water Equivalent of a Calori- 
meter — Dry the calorimeter and weigh it with a stirrer of the same 
material. Fill the calorimeter to about one-third with cold water, note 
its temperature and weigh again, and thus get the weight of water. To 
this add quickly about an equal quantity of hot water after correctly 
noting its temperature. The temperature of thin water should not be 
very high, otherwise the loss of heat due to radiation, etc., (which 
does not come into calculation) shall have to be accounted for. 
Now stir the mixture and note the final temperature. Weigh the 
calorimeter again to get the weight of water added. 

Let mass of cold water — m grams ; Mass of hot water — m grma ; 
Temperature of cold water ■* t L C. ; Temperature of hot water “f 2 °C. ; 

Common temperature of the mixture- 1*0. ; 

Water equivalent of the oaiorimeter and stirrer- W gms. 

Heat lost by m gms. of water in oooling through (t a - - 1) 

calories. Heat gained by m gms. of water in rising through { t - t x ) 9 C. 
• — m(t - t x ) calories. 

Heat gained by oaiorimeter in rising through W(t-t x ) 

calories. Now, we have, 

t total heat lost - total heat gained 

m(t a -t)~ W(t - t x ) + m(t - 1 1 ) 


W 1 T^iJ 


-m. 


Error* and Precautions.— Heat may be lost by the hot water when 
being poured ujto the oaiorimeter and moreover, the hot mixture will 
lose some heat through radiation. Due to both the acoounts, the final 
. temp, will be- too hmall. Again unless the temp, of the mixture is 
small, the loss of water by evaporation will be appreciable. 

The loss of heat by radiation from the mixture may be eliminated 
by adopting Romford’s method ot Compensation. In this method, 
the initial temp, of the water is taken as many degrees below that ot 
the atmosphere (by addition of ice-cold water) as the final temp, of the 
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W^^ frffcer^mixtiure will be flrbove that of the atmosphere. So, the heat 
lost •by^ad'iA.tibn frbih the oWfertrimeter alter mixture will be exactly 
compemsated lor by the gaiim of an equal quantity of heat by the 
calorimeter .and eon tents before mixture; . ' ■ * ■ 

- 47* Specif ic Heat of a Solid ''i^Method of Mixtures).— 

■ RegnaUlt’s Apparatus:— The -Complete outfit of his apparatus 

consists of a steam heater S (Fig. 29) 
and ' a calorimeter C thermally 
isolated from each other by means 
of the vertical partition P which can 
be moved up or down according to 
necessity. The method is to heat the 
given solid in the steam heater to a 
constant high temp, and then to 
dr6p the heated solid into the calori- 
meter (containing some liquid), the 
maximum temp, after mixture being 
noted. By equating the heat lost by 
the solid to the heat gained by the 
, : calorimeter and contents, the sp. 
: r irrheat of the solid is 
steam 



Fig. 29 


The heater 8 (fig.JJOjise, double- walled 
wall being A and th$ outer.-: wall B * ?. It is 
open at both ends, the ..upper end being 
sloped by a cork Q and the knjjpr end by. a slid- 
ing Wooden platform. The inner chamber A A 
of the heater is heated qxternally by a cqrrent 
bfateam which enters from a boiler into tile 
inlet L i and passes out through the exit L*.. 
The solid is suspended into this chamber by 
means of a slender ^thread ai fehewn, and the 
temp, of the chamber when steady (and so 
the temp, of the solid) is tabeq from the 
thermometer T x inserted .vertically through 
a hole ill the cork. The calorimeter C (fig. 29) 
iff a copppr vessel placed inside , another but 
insulated from it by means Of* cork or cotton- 
wodl paiis— both being ptaced, foside a wooden 
box not shewn in the figure. The tfaermo- 
meter T a " held! vertically gives the 1 temp.- of 
thC'ctetents of the oalbrirheter. When the 


determined, 
jacket, the inner 



Fig. 80 


tfolid ^ heated in the heifer, the isH ding shutter is kept down to 
prcrteet the Calorimeter from the neat of the heater, “ 
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Method. — When the temp, of the solid has become steady, the 
partition P is raised, the calorimeter C (fig. 29) is pushed into a 
position vertically tinder the heatei*' S„ the sliding wooden platform 
at the bottom of the heater is turned out, the suspending thread is cut 
whereon the sfilid drops into* the liquid in the calorimeter. The 
calorimeter ia then taken out, and the liquid is stirred well. The 
maximum temp, of the mixture is noted from the thermometer 2V 

[ Pig. 30 represents a section of another very simple and efficient 
form of steam-heater for determining the 
specific heat of a solid. It consists of a 
fixed metal tube P bent at an obtuse angle 
and fixed inside a steam or water jacket. 

Another movable tube A is placed into 
the vertical part of P which is closed at 
the top by a cork carrying a thermometer 
T, In the beginning, the specimen S is 
dropped into .this tube by removing the 
cork, and when the temperature becomes 
steady this upper tube is raised and the 
specimen S at once falls out of the 
heater into a calorimeter placed at 
the lower end of P.] 

Calculation — Let the mass and sp. 

heat of -the solid be in and s respec- Fir. 30(a).... Steam heater 

tively and its steady temp, in the heater 

/ 2 . Suppose the mass oflrquid in the calorimeter is w and s l9 its sp. 
*heat and t ± , its initial temp. If W ^ water eq. of the calorimeter and 
stirrer and t, tho maximum temp, of the fixture, we have from the 
principle of heat lots equal to heat gam , 

m. a. (/.*- /)-(u\ ^ + W)[t^ t x ) 



That is, 


(w. *i + 


j 


Advantages of this arrangement. — The chief points are (l) tjhe 
heating of the solid to a fixed temp, without contact with moisture, 
(2) the rapidity of transfer of t|ie li*ot solid to the calorimeter s6 that 
the heat lost in the ."transit is minimum, (3) tH© protection qf the 
calorimeter from the heating chamber. 


I Note.— It is*to be noticed that the w^ter equivalent of the fcalori- 
meter acts in the same way as an additional quantity of w^ter equal 
to w.s 1 grnaj 


./ h. t 
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Sources of Error : — 

(l) Some heat is lost due to radiation, which should be taken 
into account. 

This may be corrected to a certain extent by previously reducing 
the temperature of the liquid in the oalorimeter as much below the 
room temperature as the final temperature is above that (Romford's 
method of compensation, page 369.) 

So, the loss of heat by the calorimeter during the second half of 
the expt. is compensated for, by an equal gain in the first half. 

The outer and inner surfaces of the oalorimeter are very often 
polished, by which the loss of heat by radiation is reduoed to some 
extent. 

For accurate work, the maximum temp, after mixture is corrected 
for radiation loss by the application of Newton’s law of cooling. 
(Vide Art. 108, Chapter VIII). 

(3) Some heat is lost in transferring the hot solid from the steam- 
heater to the oalorimeter, so arrangement is made for dropping the hot 
solid direotly into the oalorimeter by bringing it under the steam- 
heater. 

Some heat is also lost in heating the thermometer. 

(5) The water equivalent of the calorimeter and stirrer should be 
taken into acoount in calculating the amount of heat gained. 

(4) The thermometer should be very sensitive, — graduated to 
ifeth or }th of a degree Centigrade. 

(6) The change of temperature of the water tn the calorimeter should' 
he observed very accurately, as the aoouraoy of the result depends more 
on the aoouraoy with which the ohange of temperature of the water in 
the calorimeter is noted, and not so much on the accuracy in weighing. 

(6) The thermometer in the steam-heater should be corrected for 
the boiling ptoint. 

'^’’Examples (J) 4 piece of lead at 99° C. is placed in a calorimeter containing 
BOO gnu. if water at W6. The temperature after stirring is BtC. The calorimeter 
weighs 40 gm. and is made of a material of specific heat O' 01. Calculate the thermal 
capacity of the piece of lead. 

teak C be the thermal capacity of the piece at lead. 

Beat lost by the lead piece « 0 (99-21) oai, 

TTMljtrfni.il by calorimeter and waters 40 x COl x (21 - 16) + 200(21 - 15) cal. 
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Heat lost* Heat gained. Therefore, 

(7(90 - 21)- (40 X 0 01 + 200)(21 - 15) - 200'4 X 6 ; whence C- 15 4 calories. 

\A) An allay consists of 60% copper arSd 40% nickel. A piece of the alloy 
weighing 50 gm. is iropped into a calorimeter whose water equivalent is 5 gm . The 
calorimeter contains 55 gm. of water at 10°C If the final temperature is 20° C , 
calculate the ori&nal temperature of the alloy. [Sp, hi . of topper - 0 095 ; sp. ht. of 
nickel* O' 11]. . 

The mass of copper in the alloy * x 50 * 80 grins., and 

the mass of nickel in the alloy — t 4 <ju x 50 - 20 gins. 

Let t°C. be the original temperature of the alloy, then 

heat lost by copper — 80 x 0*095 x (£- 20) cal.; heat lost by nickel 
— 20 x 0*11 x 20) cal. ; heat gained by water * 55 x (20— 10) cal. 

Since, heat lost — heat gained * 

(( -20){(30x 0’095) + (20 x Oil)}- (20 -10X5f+ 5) ; whence (-188*8*0. S ? » 
\ 3) Equal volumes of mercury and glass have the same capacity for heat. 
Calculate the specific heat of a piece of qlass of specific gravity 2 5 t if the specific 
heat of mercurg is 0 0333 and its specific gravity 13’6. (Pat. 1922) 

Let the volume of the piece of glass — V c.c., then its mass — Fx 2*5 gm. v 
and the mass of F c.c. of mercury — F x 13*6 gm. 

Capacity for heat of F c.c. of glass — F * 2*5 x s (where s is the sp. ht. 
of glass). Capacity for heat of F c.c. of mercury (ff 9 ) » Fx 18*6 x 0*0838. 

We ha\e, = H 2 . 

Fx 2 5 Xs-Fx 13 6 x 0 0388 ; «- — -0181. 

2 0 

48. Measurement of High Temperature by the Calorimeter 
Method —The method adopted in Art. 47 may be used in finding a 
’high temperature, say that of a furnace or of a Bunsen flame. 

A solid of known mass and sp. heat, preferably a good conductor 
of heat such as a metal, whose melting point is below the temp, under 
measurement is •placed in contact with the source of high temperature. 
After a lapse of an interval of time when the solid has attained the 
constant temp, of the bath, it is taken out and immediately dropped 
into a calorimeter containing sufficient water to cover, the solid and 
the rise of temp, of the water is determined with a sensitive 


•thermometer. 

If the mass of water. taken 

n .1 # .1 solid yy mw 

Water eq. of calorimeter and, stirrer " W 

Specific heat»of the solid 

Initial and final temp, of water m hi h 

Unknown temp, of the bath m t 9 
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w.s[t - f a) = (m.l + TF)(i a - 1 0, 

whence t can be calculated. 

^Example In order to determine the tempeiatwe of a fuiime a platinum ball 
weighing 60 gins, is introduced into it. W hen it has acquired the \emperature of the 
fipnace it is transferred quickly to a vessel of water at J5°C’. The temperature uses 
to 20*C. If the weight of water toqether with the water equivalent of the calorimeter 
be 400 qm. t what was the temperature of the furnace f (Specific heat of platinum 

~o-om). 

Let t° C. be the temperature ot the furnace. The heat lost b\ the platinum 
ball in falling from t°C. to 20°C. - 80 x 0’0365 x (t - 20) cal . 

and heat gained by calorimeter and water = 400(20- 15) cal. 

/. 80 x 0’0365 x (f- 20) -400 (20 -15) ; whence / = 705°C. (nearly) 

1 48. Heating (or Calorific) Values of Fuels. — “The heating or 

Oalqrific value of a sample of coal is 12000 B. Th. U. per pound” — 
simply means that the heat given out by the complete combustion of 
tine pound of coal of that particular sample is 12,000 B. Th. XI. The 
heating value of any other fuel, — solid, liquid, or 'gas, can be 
similarly expressed. 

For accurate determinations of calorific values ol fuels, special 
fuel calorimeters such as, bomb calorimeter, Juncker’s gas calorimeter 
etc., have been devised. 


50. Specific Heat of a Liquid — 

* . (a) Method of Mixtures — The method is the same as Kegnault’s 
jnefchod explained in Art. 47. An auxiliary solid which is not chemi- 
cally acted on by the liquid and whose sp. heat is known is to be 
taken. Using the same notation as in Art 47, w re have, by the 
principle of loss of heat equal to gain of heat, 

, m. s. (t 2 ~t)~ {iv.b 1 + W) ( t - t x ) 




mu 4. * o m ‘ s - (*■"*) W 

That 19 , Sx® . ■ \ - 

^ ^ w(t-t i) to 

tMote. — The specific heat of a liquid can also be determined by mixing it 
Wth a known quantity of water, but this method is not applicable when there 
is any chemical action between them, or when they do not mi\ well J 


(b) Method ot Cooling 

The method-is based on ‘Newton’s Law of Cooling* which states 
that the rate qf loss of heat by a body v> proportional to the mean , 
difference of temp . between the body and its surroundings . If a hot 
liquid is kept in'an enclosure at a lower tem^., its rate 1 of loss of heat 
must, thereto^ depend on (i) the temp, of the liquid, (ii) temp, of the 
enclosure, and >(iii) area of the exposed surface and nature and extent of 
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the surface of containing vessel. If these conditions : are ' identical for, 
say, two different liquids, their rates of Toss Of heat will be equal irres- 
pective of the natures of the two liquids. ' ' ! „ 

Expt.— Half fill a cilorimeter with the given liquid warmed to' a 
temp., say 70fC i.e. sufficiently above the room 1 temp. ' Place the 
calorimeter on non-conducting supports. Stir the liquid ,weli and note 
the time taken by the liquid to fall through, a certain range of teipp. 
Repeat the above expt. by taking an equal volume of waiter initially at 
the same temp, in the same vessel so that equal surfaces are exposed to 
air and to the calorimeter. Thus the two liquids are allowed to cool under 
similar circumstances. Stir well. Note the time taken by the water 
to cool through the same range of temp. ^ 

Calculation 


Suppose, mass of liquid taken — w 
• „ „ water „ =m 

,, „ calorimeter and stirrer = W 

Time taken by liquid to cool from 0, to ^ 2 t== t x sec. 

»i »» n water ,, ,, ,, ,, ,, ~~t% ,, 

Specilic- heat of the liquid = s. 


/. Rate of loss of heat of liquid and calorimeter « 


W+ w) (e lZ Bi 3 ) 

U 


•and rate of loss of heat of water and calorimeter 1 


(tn.l* If) (Oj 
t 2 




The conditions of cooling being identical, the two rates of cooling 
are equal, That is, 

(w.s + W) (6 A — 0 2 ) ^ <m + W) (0 X ~0 2 ) 

t 2 ' 

(m + in t 1 w 

or, s= — — . , 

tv.t 2 w * 4 ' 1 * 

[Note that the rates of loss of heat are equal and not } the rates of 
fall of tempemtjffo.] ' ' ’ ' ' 

J ' 1 J i -T 

Example -(i) 200 qms. of water at 9b°C-„. mixed with 200 ex. of milk of 
-density 1’ 03 at 80*0 contained in a' brass vessel of thermal ‘ dtfpacittf equal s to mat of 
8 gms. of water , and tffe temperature of ♦ the mixfur^^is 84° Find $*e \ht of 
miih , 

) -n ; - * m ' )Q*yy , , 

Wt. of milk* 1 (200 x l‘03} gms ; Heat lost hy water^ 2QQ((18~ii4)dBalories. 
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Heat gained by milk™ (200 x 1*08) x e (84 - 80), (*~sp. ht. of milk) 
Heat gamed by brass vessel™ 8(64 — 80). 


^a%jr • 200 x 84 * ((200 x 1*03 x s) + 8) 84. Hence « ™ 0*08 approximately. 

<* p (£) Three liquids of equal weights are thoroughly mixed. The specific heats of 
the liquids are s fll s 8 , and their temperatures are t$, and t% respectively. Find 
the temperature of the mixture. > 


Let 1* be the temperature of the mixture of two of the liquids having 
specific heats s lf « 9 , and temperature t° Jf t° 2 , respectively. Then, if m be the 
the mass of eadh liquid, and T> f lt we have 

m #i(T — SgUa" T ) ; or r(« 1 + 6 a )"*®2^s + ®i^i 5 or 3 , =**^ 8 "J" ai ^ l ...(l> 

«l + «2 

Now mix the third liquid and let T x be the final temperature which is 
greater than T but less than 1 2, then we ha>e ms 1 (T 1 - T) + w? * 2 (^1 "" ^)** 
(t s -T t ) ; 

or T t («i+* 9 + « 3 ) — * s ^ 8 + 7 T (#i + tf a )“«»N+ 8 (8 2 + * 1 ) 1 x (*i + 8 a)-^rom (1> 


+ + I whence 


(«i + a 2 + *s) 


\jtfl) The specific gravity of a certain liquid is 0 8, that of another liquid is 0 5 
It is found that the heat capacity of 8 litres of the first is the same as that of 4 litres 
of the second . Compare their specific heats. (Pat. 1926} 


Volume of the first liquid ™ 8000 c c. ; Masb of the first liquid ■ 8000 x 0’fr 
* 2400 gms. Volume of the second liquid = 2000 c.c. ; Mass of the second 
liquid ™ 200(^X 0*5 « 1000 gms. 

Heat oapaoity of the first liquid. II t = 2400 x s t (where Sj.™ sp. ht. of the 
first liquid) ; Heat capacity of the second liquid, H 2 = 1000 x s a (where « a “ t sp- 
ht of the second liquid). 


We have, H x m H t ; 2400 x * t - 1000 x « 9 ; ** - 

pf (4) A mixture of 5 kgms. of two liquids A and B is heated to 40*C. and then 
mixed with 6 kgms. of water at 7 67° C. The resultant temperature %& 10°C. If the 
specific heat of A is O' 1218 that of B is 0 0746 , find the amount of A and B m 
the mixture. 


Let x be the amount of A , and y the amount of H, then x + y** 5 kgms....(l) 
Heat lost by x kgms. of A ™ x x 1000 X 0*1212 X (40 - 10) calories. 

Heat lost by y kgms. of B * y x 1000 x 0*0746 x (40 - 10) calories. 

Total heat lost by the mixture™ (8*886® +2*288y) x 1000 calories. 

Heat gained by water ™ 6 X 1000 X (JO- 7*87) ™ 18980 calories. 

Hence 8688®+ 2288$/ « 18980 ; But ®-5-y from (1). 

4 *. 8886(5 - y) + 228%™ 18980 ; from whicl^y™ 8*0048 kgpas.- 
,\ » -5 - 8*0048*1*9® 57 kgms. 
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&1« The Speeifie Heat ot Gases. — When a gas is heated it 
may be allowed to expand in too ways, — (a) keeping its pressure always- 
constant, as in constant pressure air thermometer [Art. 30], or (b) 
keeping its volume constant, as in constant volume air thermometer 
[Art. 31 J. Therefore, when the mass of a gas and the amount of heat 
taken to raise ; jts temperature through a certain range are known, the 
specific heat of the gas can be calculated at constant pressure, or at 
constant volnme 

The Sp. heat of a gas at constant volume ( C v ) is the amount of 
heat reqd. to raise the temp, of unit mass of the gas through 1°, the 
volume being kept constant. 

The Sp heat of a gas at constant pressure (C p ) is the amount of 
heat reqd. to raise the temp, of unit maBs of a gas through 1°, the 
pressure being kept constant. 

C p is greater than C v . 

Suppose 1 ferm. of a gas is taken which is to he heated through* 
1°C. A quantity of heat will be required for the purpose when the gas 
is heated, but not allowed to expand, i e when the volume is kept cons- 
tant and the pressure increases. Again, if the gas be heated and' 
allowed to expand, i e. when the pressure is kept constant and volume 
increases, some work is also done against external pressure by the ex- 
panding gas, while in the first case no such work is done. Thus at 
constant pressure, in addition to the heat reqd. to raise the temp, 
through 1°C at constant volume, some additional heat must* be neces- 
sary to supply the energy for the work done during expansion against 
the external pressure. Hence the specific heat of a gas at constant 
pressure ( C P ) ts greater than the specific heat at constant volume (C v ). 
It is found tbat the ratio of the specific heat of a gas at constant pres- 
sure to that at cohstant volume [i e. CpjCo) is equal to T41 in the cast • 
of diatomic gases like oxygen , hydrogen, nitrogen, etc . 

N. B. For solids liquids, Op and Cv are practically the same, as on 
heating expansion in volume is very small. 

52. Consequence of the High Specific Heat of Water. —From 
a table of speoifio heats it will be seen that mercury has got a very 
low specific heat (jO'038), which is one of the advantages of using mer- 
cury as a thermometric substance, because it will absorb a small 
amount of heat, if placed in a liquid, and so will lower the temperature 
of the liquid only slightly. Water has a higher specific heat than any 
other liquid or <*nty solid. Thus a larger amount of heat is neoessary to> 
raise the temperature of a given weight of Water through a certain 
range than is required by an equal weight of any other substance andt 
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that is why water is not suitable as a thermometric liquid . Moreover 
'its $p. heat varies with temperature. 

For the above reason, the sea is heated more slowly than the land 
by the sun ; so during mid-day, the temperature of the coast will be 
greater than the temperature of the sea, but, after sun-set, the case 
will be just the reverse, because the sea cools more slowly than the 
land. For example, taking the specific heat of air to be 0*237, it is 
found that J gm. of water in losing one degree of temperature would 
raise the temperature of 1/0*237 gm. 0 c. *4*2 gm.) of air one degree. 
Again, because water is 770 times heavier than air, one cubic foot of 
water in losing one degree of temperature would increase the tempera- 
ture of 770 * 4*2 or 3234 cubio feet ol air one degree. From the 
above consideration it is clear that islands have a more equitable 
climate owing to the influence of the sea, which prevents the occur- 
rence of extremes ot heat and cold, and so sea is called a moderator of 
climate . 

The effect of the difference in the specific heats cJ sea and land 
is the setting up of, what is called, land and sea-breezes. During the 
day the sea is cooler, so the air above the sea is cooler than the air 
above the land, and as the hot air above the land ascends, colder air 
from the sea flows in to take its place producing a sea-breeze. After 
sun-set land radiates heat more quickly than the sea, and so at night 
colder air from the land blows to the sea producing a land-breeze. 

Owing to its sp. heat being the highest, water is preferably used in 
hot water bottles, footwarmers and hot water pipes for heating pur- 
posesim cold countries. Moreover it becomes less hot than any other 
liquid, when kept in the sun 

53. Latent heat. — It has been found that a solid substance 
undergoing liquefaction or fusion absorbs hoat without, rise of tempera- 
ture. Shifilarly, a liquid during the process of solidification gives out 
heat without fall of temperature. The heat absorbed or given out 
per unit mass (1 gm. or I lb.) of a substance during change of state (i.e. 
from the solid to the liquid or from the liquid to the solid state) without 
change of temperature is hiown as the Latent Heat, which is constant 
for the sainc substance under the same condition. The word ’‘latent” 
means hidden, that is, the heat which has got no external manifesta- 
tion, such as rise of temperature, is called latent heat , but when it 
raises the temperature of the substance it is called sensible heat. 

The latent heat ot fusion of a solid is the quantity of heat 
required fc to change unit mass of the substance at its melting point 
ffqpa the solid to the liquid state without change of temperature. The 
panto quantity of heat is also given out by unit mass of the substance 
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at its freezing , point in changing from the liquid state to the solid 
'state without any change of temperature. 

Thus the amount of heat required to convert 1 gram of ice at 0°G. 
into water at 0°C» is called the Latent heat of fusion of ice , or the latent 
heat of water , the value of which is SO calories. This is also the 
quautity of hear given out by 1 gram of water it Q°C f in becoming 
1 gram of ice at 0°C. 

If the thermal unit be defined by using 1 lb. and 1°C. as units 
(G. H. IT.) and 1 lb. be used as the unit of mass, the latent heat of 
fusion of ice will also be 80. 

But in pound-degree-Fahrenheit units, the value must be larger in 
proportion to the ratio of a degree C. to a degree F., i e. 9 to 5. Hence 
the latent heat of ice in British Thermal Units per lb. * (80 * 9)/5 33 144’. 

That is, for all latent heats, the value in calories per gram 
must be multiplied by f to obtain its value iu B. Th. U. per lb. 

“The latent heat of fusion of ice is HO" means that 80 calories of 
heat are necessary to convert one gram of ice from the solid to the 
liquid state without change of temperature. 

)' This explains why, in cold countries, the thermometer may stand 
at 0°C. in winter without any ice being formed on the surface of a pond. 
The water must lose its latent heat before it will freeze. 

The r.eality of latent heat may be shown by mixing 100 grams of 
water at 80°G, with 100 grams of water at 0°C., when the final tem- 
perature of the mixture will be 40°C. Bub if 100 grams of water at 
80°C. be mixed with 100 grams of ice at 0°C., the final temperature 
will be 0°C. All the heat given out by the hot water has <jheen used 
up to convert the ice at 0°C to water at 0°C. 

Similarly, a liquid at its boiling point absorbs heat in order to be 
converted into vapour without rise of temperature. This heat is 
absorbed only to bring about the change of state. The quantity of 
heat required to convert unit mass of a liquid at its boiling point to the 
vapour state without change of temperature is called the latent heat' of 
vaporisation of that liquid at that temperature. 

> The same amount of heat is also given out per unit mass, of the 
1 vapour of the liqufd during condensation under the same conditions. 

. It has been found that 536 calories of heat are necessary to change 
one grim of wateir at 100°C. into steam toithout change of temperature. 
The Same ampdbt of heat is also given out by one gram of steam in 
condensing tb water at 100°0. ; or, in ‘other words, the value Of the 
latent heat of steam in gram-degree-Oeniigrade units is 536 ealories.. 
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This value in the pound -degree-Cenfci grade units is also 536 where the 
•unit of heat (0. -H. U.) is taken as the quantity of heat required to 
raise 1 lb. of water throug 1°0. 

The value of the latent heat of steam in B. Th. TJ. (pound-degree- 
Fahrenheit) per lb. is (536 x 9)/5 ■= 964‘8. f 

Note. -The value of the latent heat of steam is rather high, and 
this explains why burns from steam are so severe. These burns are 
more painful than those from boiling water because of the heat given 
out by the steam in condensing. 

64. Determination of the Latent Heat of Fusion of Ice — 

Weigh a calorimeter and stirrer (w gms.). Half fill it with warm 
water at about 5° above the room temperature. Weigh the oalorimeter 
with its contents again, whence the weight of water added is found 
(m gms.). Note with a sensitive thermometer the initial temp. (i 1 °C) 
of the water in the oalorimeter. A block of ice is broken into small 
fragments which are washed with clean water and dried by means of 
blotting paper. Opt some of them and drop them into the calorimeter 
holding them not with finger but with the blotting paper. Stir well 
until all the ice is melted. Note the lowest temperature attained by 
the mixture (f 9 °C), which should be about 5° below the room tempe- 
rature. Weigh the oalorimeter and contents again, whence the wt. of 
ice added is found (M gms.) 

The gain of heat takes place in two parts, (a) an amount of heat is 
necessary to melt the ioe at 0°C to water at 0°C, (b) a further amount 
•of beat is required to raise the ice-cold water to t a ° 0. 

Heat lost by oalorimeter and stirrer, 

■ (to. s + m) (t j. - 1 8 ) cals. • 

where s - sp. heat of the material of the calorimeter. 

Heat gained by ioe in melting and by ice-cold water in rising to 
-t»°Ci, ** ML + if.l.f * cals., where L “ latent heat of fusion of ice. 

.-. ML+M. i t -{ws + m) whence L ~*u ) _ , 

M 

[Errors and Precaution — (l) Fingers should not be used at the 
time of dropping the iee-pieoes, for by so doing some ice will melt, - and 
the melted ioe, t.e., water, tf added along with pieces of ioe, will 
appreciably affect the accuracy of the result. For ' examyld , if only 
01 gm. of water (and not ioe) is added* there will beam error of 
jQl * 60 or 8 calories of beat in the calculation, which amount was really 
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absent. (2) The initial temperature o! water is taken 6“ above the 
room temperature and final temperature 5° below it in order to make 
good the loss of heat due to radiation. 

(3) The iee,4nring the process of melting, should be kept below 
the surface of water, and not allowed to float, otherwise the portion 
above tbe wat^r surfroe will give out its heat to the outside air and not 
to the water in the oalorimeter. For this, use a wire-gauge stirrer. 
Care should be taken that no water particle aooompanies the thermo- 
metep while removing it.J 

S&xAOkples —(I) Find the latent heat of fusion of ice front the following data ; 

Weight of the calorimeter * 60 gms. : Wt. of cal . + water * 460 gms. 

Temperature of water (before ice ts put in) *88°C. ; Temperature of mixture * 5°C. 

Weight of calorimeter + water + ice * 618 gms. ; Sp . heat of the calorimeter* 0*1. 

(c. u. im) 

Let L be the latent heat of fusion of ice ; Mass of water * (460 — 00) •» 400 
gms. ; and mass of ice = (618 - 460) * 168 gms. 

Heat lost btf calorimeter and water = 60 x 0*1 x (88 - 6) + 400 X (88 - 6) cal. 


Heat required to melt 158 gms. of ice and to raise the temperature of the 
water formed to 5°C. — 158L+ 158 (5 — 0) cal. 

. * . 158 h + 158 x 5 " (88 - 5) (6 + 400) ; whence L m 79‘8 cals. per. gm. ' * 

(2) A lump of iron weighing 200 gms. at 80°C . is placed in a vessel containing 
1000 gms. of water at 0°C. What is the least quantity of ice which has to be added 
do reduce the temperature of the vessel to 0°C. ? (Sp. ht . of iron* O' 112). ( All . 1926) 

Heat lost by iron is cooling to 0°0. = 200 x 0*112 X 80= 1792 cal. 


The vessel containing 1000 gms. of water was formerly at 0°C. Now to 
absorb 1792 calories of heat given out by the lump of iron, the mass of ice 
required = 1792/80 = 22*4 gms. ^ 

(9) Find the result of mixing equal masses of ice at - lO'C. and water at 6(fC. 

(dll. 1916) 

Let m gms. of foe be mixed with m gms. of water, m gms. of ice in rising 
to 0°0. from - 10°0., will require m x 0*5 x 10 s * 5m calories, (sp. ht. of ice* 0*5). 
Again m gms. of ice at 0°C. in changing to water at 0°C. will require 80 m 
calories. But the hoat supplied by m gms. of water in cooling from 60°C. to 
0°C. is only 60 m calories. Out of this amount 5 m calories are required to 
increase the temperature of ice from - 10°C. to 0°0., and the rest i.e * 55 m 
calories, can turn only or gms. of ice into water at 0*C. The remai- 
ning portion, i.e . -fom. gms. of ice, must remain as^uch. ThuB the result of the 
mixture is that H P&rts of ice will be melted into water and A parts will 
"remaip'as ice at 0°C. 

W Whdt would be the final temperature of the mixture when 6 gms. of ice 
at - 10° C. are mixed yp with 20 gme, of water at 80° C. The sp. ht. of ice is 9 6. 

(0.11.1926 > 

Let the final temperature be tf°G. Heal gained by ice in going up to <°0. 
irom - 10“C. - 5 x 0*5 x {0 - ( - 10)H- 5L + 5 (f - 0). 
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H«^ lost b\ wat^»* 20(80 - f) Calories. Taking L = 80 units, 

• ' we have, 23 + 5x80 + 51^2(^(80-/). .. f = 7°C, 

(5) The specific gravity of ice is 0 917 k 10 gtm. of a metal at 100° G are 

tmmeiqed tn a mixture p( ice and >uq,tu , ami the volume of the miutwe u found 
tb bfi reduced ,hy 12$ c.mpi. without chanqt of tempeiatuie. fluid the Specific heat 
bf the metal. > (Pat 1924)> 

know that Volume \aifes unerselv as donsity, so when F 7 c. c. of ice is 
changed into e. c. of 'water, we ha\e 

y = 0917 * ’ 0 917 = s F ) Ki- of ico)-*r09o.o. 

1*09 c. c. of ice becomes 1 c. c. ot water (\vt =- 1 gm ) at the same tempo 
rature, or, in other words, 1 gm. of ice m melting is reduced in \olume by 
0*02 C.c., and this requires 80 calorics of he at 

In, the example, w 6 lu\e, the heat lost b> the mi t il 

=j- 10 x $ x (100 — Q) cal. = ( 1000 0 cal. (s — sp. lit. of the' metal) 

The reduction in volume oi the mivtuie- 125 c.mm. “ iV&o = k i t. 

The amount of loeimeltod* J-*-0 09^ ‘f£ gm. 

, The amount ot heat ve<jwod to melt gm oi ico= (f-jj x 80) calories. 

r By the example we hn\e, 100 **= 2 y^ Hn ; fi = x Sxiooo*“(> H. 

(6) What would be the icsult of phemq •/] /6*. of copp(r at 10o°C in contact v ith 
JJ- Ifaofwe at 0°C /' (s p, ht . of coppp * 0 09o ami latent heat of fusion of ue=79 ) 

, (All, IVlb) 

1 of hopper at 10O°C. in cooling to 0°C. gi\o out 4^ x 0 095 x 100 = 42 75 

pound-degree-C. heat umtfc. 

Ter melt one ppuiijd qt ice at Q°C , 79 pound-degree - C. heat units ,uo required* 
t*. fjie amoput of ie$ incited hy 42 75 heat units = 42 75/79 = 0 34 lbs 

Hence the amount of ice lcmainmg unmolted “0 54“ 0 90 lbs 

h<So the result Ss 0*3^ lbs. of water at 0°C , and 0'96 lbs. ice at 0 6 C. 

I Hi! .\)i ) 

55. High Latent Heat of Water* — The latent heat of water 
being high* the change from water to ice or from ice to water is 
a Very slow process, and, during the time the change fcake9 place, much 
hedt is given out or absorbed. Had the latent he&t of water been low# 
(a) the water ot the lakes and ponds would havo frozen much sooner, 
thus destroying the lives of fcquatic animals living therein, (h) Ice- 
bergs on *the mountains would have melted very rapidly with rise of 
temperature, thus causing disastrous floods m the neighbounng 
countries. The rise of temperature of a place is delayed by the presence 
of ice bergs near it and so the climate of the place is greatly influenced 
by formations of ice-bergs in the neighbourhood. 

56. Ice-calorimeters —The fact that a certain quantity of ice 
in melting always absorbs 80 calories of * heat for eaoh gm. of it haa 
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been applied in the construction of ice-calorimeters for the determina- 
tion of specific heats. 

57 (a). Black’s Ice-calorimeter. — In the simplest form of ice- 
calorimeters, as ased by Black, a large block of ice is taken, a cavity is 
formed in it, and a slab of ice is taken to cover , 
cavity (Fig. 31). The solid ( w gms.) of whioh 1 


the 


and 


1%, 1 

"I 

1 O’* 




the specific heat (S) is required is weighed 
heated to a constant temperature (t° C) in a 
steam heater. On removing the slab, the water 
inside the cavity is soaked dry with a sponge, 
and the solid is quickly dropped into the cavity 
and covered by the slab. The solid melts some 
ice into water until its temperature falls to 0°C. 

After a few minutes, the water formed in the cavity 
a pipette and its mass determined ( m gms.). 

Heat gained by ice in melting to water at 0°C, 

“mL, where L is the latent heat of fusion of ice. Heat lost by 
the solid =w. s. t. 

That is, L W * S ' 


Fig. 81 
is removed 


by 


mL = n\ s. t. 


m 


This method may also be used to determine the sp. heat S of the 
solid. 

[Note — Though in this method there is no loss of heat by radiation, 
still it is not a very accurate method, for 

(a) the water formed in the cavity cannot be completely taken 
out ; and 


( b ) during the time taken for dropping the solid inside the cavity 
some ice may melt by absorbing heat from the atmosphere.] 

V^zample . — A litre of hot ivater is poured into a hole in a block of ice at 
0°C., which is immediately closed by a lid of ice. After a time the hole is found to 
contain a litre and a half of ice-cold water . What was the original temperature of 
ihe water. 


Lot £ e C. be the original temperature. 

Mass of hot watGr*mass of a litre or 1000 c. c. of water* 1000 gms. 

Mass of .ice melted = mass of 500 c. c. of water = 500 gms. 

Hdat lost by water = 1000(£— 0) cal. Heat required to melt 1 gm. of ice at 
" 0°C. to water at OX), is 80 iialories. 

Hence heat gained by ice. * 500 x 80 cal. - *- 1000 t * 500 X 80 ; or t * 40 P C. 

18 
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67 {&)• Bunsen's Ice~calorimeter. — 1 gm. of ice at 0°C. in melting 
to water at 0°0. decreases in volume by about 0 09 c c. Bunsen has 

utilised this change of volume in the cons- 
truction of a very delicate calorimeter 
(Fig. 32). A thin- walled test tube B is fused 
into a wider tube A, which is f.ttached to a 
bent tube, C as shown m the figure The 
other end ot the bent tube is fitted with a 
cork D through which passes a fine capillary 
tube T of uniform bore having a scale S 
along its horizontal pait. The upper part of 
A is filled with pure and air-free distilled 
water and the rest of .1 and the communi- 
cating tube C with mercury. 

The apparatus is kept in a box., sur- 
rounded as completely as possible with 
melting ice. A mixture of some solid carbon 
dioxide and ether is placed in B to free/e some ol the water in A 
forming a sheath of ice round its lower part. Now some amount of 
water is introduced into B> and the calorimeter is allowed to stand for 
a long time until the whole of it is at 0°C , when the position of the 
mercury meniscus in T is read on the scale S alter it is steady. A 
small lump of metal of mass m gm. at £°C. is then put into B. This 
melts some of the ice surrounding B, and causes a contraction in 
volume and the mercury meniscus is found to move towaids ]) By 
knowing the area of cross-section a of the cipillary tube, the specific 
heat $ of the metal can be calculated as follows : — 

When the metal has cooled to 0°C , the heat lost by it = mst cal. 
But this amount is sufficient to melt mst L gm of lee, where L is the 
latent heat of fusion of ice. 



Now, 109 c.o of ice becomes lcc,, ic contracts in volume by 
0*09 c.c., when turned into water whoso mass is 1 gm. 


Now L calories of heab will melt 1 gm. of ice into 1 gm. of water at 
0°C., «.c. will cause a contraction of 0 09 c c. 

For a contraction of 1 c.o., the amount of heat required & 


,,0*09 


cal. If the mercury meniscus has moved a distance, say, d cm., the 


decrease in volume is a x d } and for this the amount of heat necessary 
*4-*!j* ~ cal. This amount has been supplied by the metal. 

|V Vw » 
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axd*L a*d*L 

mst- q59 , or s- O ' O 0 ^ If a 19 glven - lfttent 

heat of fusion of ice can be determined by this method* 

Advantages and Disadvantages — The disadvantage of this method 
is that it is difficult to set up the apparatus, but it is advantageous for 
the following reasons — (a) The arrangement is very sensitive. ( b ) There 
is no loss of heat due to radiation, (c) No calorimeter or thermometer 
is necessary, (d) The specific heat of a solid available tn a very small 
quantity can be determined by this method. 

Examples — (1) Determine the specific heat of silver from the following data — 
Weight of silver dtoppel mO'92 gin. ; Temperature of silver - %°C 
Distant e travelled by the mercury tlucad** 6 mm. 

Area of cross section of the capillary tube^l sg. mm 

The diminution in \olume of the mercury thread **0 01 x 0*6 -=0*000 c. t\ 


, 0 006 x 8 

Thorefoie, fioin above relation, we have, q 09 X () 92 X ’0591. 

(^) X0 yms of uatei at 1 3 a C are put into the tube of a Bunsen " s ice calom 
mete r and it is observed that tin mercury thread moves through i'* cms 12 gms. of a 
metal at 100° C. arc then placed m the water and the mercury thread move s through 
12 (ms. Find the specific heat of the metal . ( 1 //. 1920) 

The heat given out by 20 gms. of water at 15°G in cooling to 0°C — 20 x 15 
■*300 cal Thus pioduccs a movement of 29 cms. of tho mercury thread. 

Heat requited foi a movement of 1 cm.^j* v\\ , and for a inovoment 


of 12 cms 


12 X 300 
29 


cal. 


This amount has been supplied by the metal, 


which - 12 x 100 X s , where s is the sp. ht. of the metxl. 

12X100XS— ; or A— 0*1 approx* 

(3) The diameter* of the capillary tube of a Bunsen's ice calorimeter is 1 4 mm. 
On dropping into the instrument a piece of a metal whose temperature is J00° C and 
mass ll 066 gms t the mercury thread is observed to move 10 cms Calculate t)ie 
specific heat of the metal , given the latent heat and density of ue to be 60 and O' 9 
respectively. {ill. 1923). 

Mercury thread moves 10 cms. , hence the volume of the mercury thread 
**ir X (0 07) 3 x 10 c c. * 0*049r c.c. 

MasH of 1 c.c. of ice = 0 9 gin. , .* . The volume of 1 grn. of ice = l/O 9-111 c.c. 

But the volume* of 1 gin. ,of water *1 c.c. The diminution m volume 
when \ gm, of ice is melted, ue. changed into water® 1 11 — l® 0 11c c. Hence 

* 0 04 {hr 

to produ 3 e a diminution of 0’049r c.c., the ma^ of ice melted* and 

~ 0'04Shr 

the heat required few tbit ® X 80 ca}. ' 
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This is equal to the heat given out by the metal, which “ 11‘088 x 100 x « cal. 


5&. Determination of the Latent Heat of 'Vaporisation.— 
Take a clean and dry calorimeter (Fig. 33), and weigh it^ together with 
the stirrer made of the same material (w gins.). Alter 'filling it with 
water upto about two-thirds weigh it again whence the mass of water 
(m gms.) is obtained. The steady temp. Ui°C.) of the water is taken with 
a sensitive thermometer T inserted vertically. Boil some water in the 
boiler B, whose mouth is closed by a cork through which the bent 
delivery tube A passes. The free end of the delivery tubo is introduced 
into the steam trap which is really a water-separator. It is a wide 
glass tube open at both ends which are closed by steam-tight corks. 

The delivery tube extends well into 
the trap. Through the cork at the 
bottom, two tubes pass, one a drain- 
oil -tube C lor removing the collec- 
ted water and the other is an # exit, 
being a straight tube I) ending in 
a nozzle which dips into the water 
contained in the calorimeter. The 
screen protects the calorimeter 
from direct heating by the boiler. 

Bring the calorimeter under the 
exit tube I) such that the nozzle 
goes well into the water in it. 
After some time take aw r ay the 
nozzle quickly and note the highest 
temperature U°C.) attained by the 
Fig. 33 water. Remove the thermometer 

and allow the calorimeter and its 
contents to cool. Weigh the calorimeter with its contents again. 
The difference between the last two weighings gives the mass of steam 
condensed (M gms.). 



Calculation. —Let L be the latent heat of steam and S, the sp. 
heat of the material of the calorimeter. Then, 

heat lost by steam in being condensed to water ai tf°C. 

- ML + M'l. (100 - i) calories. 


Heat gained by calorimeter and contents in being raised from 

t 4 # o.to* 0 a 

. «(«>.$ + m) (t-t i). 
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Assuming heat I03S equal to heat gain, 

ML + M (100 - 1) * ( w.s + m) (t - t t ) 

That is, ,L = (w ' S + m }; T i ' tZ ^- - (100 - 1). 

M 

Errors andf Precautions — (1) If some part of the steam is con- 
densed before entering into the calorimeter, the observed value of L 
will be low. That is why the steam delivery tube should be lagged 
with non-conductors like cotton-wool. In order that any condensed 
steam may not. pass into the calorimeter, the steam trap is used. 
Moreover due to sudden absorption of steam by the cold water in the 
calorimeter, if any water from the calorimeter is sucked back it is 
arrested by the steam-trap and not allowed to get into the boiler B. 

(2) To reduce the effect of radiation, the water in the calorimeter 
should bo initially cooled a few degrees below the room temperature 
and steam passed till the temperature rises through the same amount, 
above the room temperatcre (cf. Rumford's method of compensation). 

(3) To protect the calorimeter from direct heating, a screen P is 
to be placed between the boiler and calorimeter. 

(4) The temperature of the water in the calorimeter after mixture 
should not be allowed to increase by more than 15°C., otherwise much 
water (and so much heat) will be lost by vaporisation. 

(5) If* the issue of steam is too rapid, some water raav be lost by 
splashing. 

1 (6) The temperature of the steam should be determined in each 

case and cannot he taken as 100°C. without pressure correction 

yXS ' ^ 

Examples. — (i) Steam at 100° C is allowed to pass into a vessel containing 

10 grams of ice and WO grains of water at 0°C., until all the ice is melted and the 
temperature is raised to 5*C. Neglecting water-equivalent of the vessel and the loss 
due to radiation , etc., calculate how much steam is condensed . (The latent heat of 
steam is 536 ; and latent heat of water is SO.) 

Let m be the mass of steam condensed. 

Heat lost by steam — m x 536 + m(100 — 5) cal. 

Heat gained by ice and water “=10x804-10x5 + 100 x 5 cal. 

* 1530 

*fieat lost — Heat gained. * ’ . w(58 6 + 95) = 800 + 50 + 500 ;orm= ■■ 2*13 gms. 

ool 

(2) What will he the resulting temperature, if 5 gms, of ice at 0°C, are mixed 
with 1 gram of steam at 100°C. 

Let t be the resulting temperature. 
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The heat required by 6 gins of ice m melting to water at 0 °0. and that 
required by 5 gins, of water m rising through /°C.— 5 x 80 + 5/ cal 

The heat lost by 1 gram of steam in condensing to water at 100°C.. and then 
cooling down to /°C.~ 1 x 586+ 1(100 - /) 

Heat lost* Heat gained. So, 536 + (100- /) * 5 *80 + 5/ , or /— 39*3°(\ 

vyf) A calorimeter qf water equivalent 4 qfn contains 4 qm> of ice and 50 qms. of 
water at 0°C. when steam is passed into the calorimeter C alculate hon much steam 
must condense so that the final temperatui e of tlu nurtui e may be 40*C . 

Suppose i gm. be the wt. of steam condensed. The heat lost by it ut 
coming down to 40°C. * x X 586 + r(l00- 40) cal. 

The heat gained by ice in first melting and then bung raised to 40°C. 
■*5x80 + 4(40-0) cal. and the heat gained by watei and calorimeter 
*4(40-0) + 50(40-0) 

The total heat gamed by ice, water, and calonmeter, 

-4X80+ (50 + 4 + 4) x 40- 2640 cal 

Hence rX 586+ rx 60-2640 ; or t x 596-2640 , .\ t-4'42gm 

ri (4) How 1 kiloqram of water at 50° C should be (haded so tha* one pail of it 
nohen turned into ice at 0°C , would by this clianqe of state qive out a quantity of 
heat that will be sufficient to vaporise the othei pait 9 ( Latent heat of i cc-50 

calories , latent heat of steam "536 calories ) 

Let 1 kgm. (or 1000 gm) of water be diuded into two paits r and //. of 
which the heat given out by x gm., when turned into ice, would vaporise y gm 
We have r+//= 1000. ... ... ... (1> 

Heat lost by x gm of water at 50° C to form ice at 0\\ 

— (50x + 80r)— 130r calories 

This amount will turn y gm of water ai 50°C into steam whit h will lequue 
{(100-50)^ + 586 y\ calorics. 

Hence 180«r— 686y ; But from (1) r«1000- ?/, whence * -818 5 gm 

and y- 181*5 gm. v. 


Questions. 


Art. 40. 

1. Discuss the statement ‘Heat is a ph\su*al quantity (Pat 1940, ’41) 

Art. 46. 

2. Describe an experiment to determine the watei equnalent of a copper 

calorimeter. (C. U. 1918) 

Art. 47. 

8. Define specific heat. How the specific heat of a solid is determined ? 

, (C. TJ. 1917, ’20, '28, ’84, r 86, *40). 

4* How would you determine the specific heat of a substance by the 
Method pf mixtures. (Dac. 1927) 



QUESTIONS 


m ’ 


5. A brass weight of 100 gms. is heated so that a particle of solder placed 
upon it just melts. It is then put into 100 o.c. of water at 15°(>. contained in a 
calorimeter of wator equivalent 12. If the final temperature of the water is 
35°C., what is the melting point of the solder ? (sp. ht. of brass* '088). 

* (Pat. 1935), 

[Arts : 289°'3C.] 

An illoy consists of 92% silver and 8% copper. Calculate the final 
temperature when 50 gin. of the alloy at 100°C. are mixed with 50 gm. of oil of 
specific lu*at 0*40 at. 20°(\ (The sp. heats of copper and silver are 0*095 and 
0*056 respect i\ el v). 

[Am: 29TC.I. 


7. Define unit of heat, capacity for heat, and specific heat. A piece of iron 
weighing 100 grains is warmed 10°(\ How many grams of water could bo 
warmed 1°C. bv the same amount of heat ? The specific heat of iron is 0*10. 

(Punjab), 

^Anx : 100 ginJ. 

Art. 48 


8. Describe how you can measure the temperature of a furnace by apply- 
ing calorimetric principle. (Pat. 1929), 

9. A bull of platinum, whose mass is 200 gins., is removed from a furnace 
immersed in 153 gms. of water at 0°(\ Supposing the w’ater to gain all the 

" heat the platinum loses and if the temperature of the water rises to 30*0.* 
determine the temperature of the furnace, (sp. ht. of platinum 1 * 0*031). * 

(0. U. 1936). 

[Am : 770*3°(\ | 

Art. 49. 

10. The calorific ’value ot coke is 13,000 British Thermal Units per pound. 

Find tho minimum amount of coke wdiich would have to be burnt in order to 
heat 30 gallons of w r ater from 60°F. to 130°F. for use in a bath. (1 gallon of 
water weighs 10 lb.). 4 

[Ans : ^!lb.j # U0* 

Art. 50. 

11. How would you determine the specific heat of a liquid ? 

(0. U. 1915, ’29) ; (Pat. ’26, *43 ; cf. ’45)[: 

If 90 grams of mercury at 100°C. be mixed with 100 grams of water at 
2fPC., and if the resulting temperature be 22°0. w’hafc is the specific heat ofv 
mercury ? (C. U. 1925)* 

[Am: 0*0285].. 

12. 10 gm. of common salt at 91°C. having been immersed in 125 gm. of 
oil of turpentine (sp. ht. 0*428) at 18°C., the temperature of the mixture is 
16°C. ; supposing np loss or gain of heat from without, find the specific heat of 
common salt. Can you do this experiment with water instead of turpentine ? A 

<C.TJ.1?88). 

[Ant : 0‘214]. • *1* 
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18. A capper calorimeter weighing 10 gm. is filled first with water whose 
weight is 7 '8 gm., and then with another liquid whose weight is 8 7 gm., the 
times taken in both cases to cool from 40°G. to 35°C. are 85 and 75 seconds 
respectively. Taking the specific heat of copper to be 0*095, calculate the 
specific heat of the liquid. r 

[Am : 0*728]. 


4. Supposing you were given a thermometer reading only from 50 9 0. s to 
00°C., and some water of which the temperature was below 20°C., describe an 
experiment how, without using another thermometer, you could determine 
roughly the temperature of the water. 

[Hints.— Take some water in another vessel whose mass is a little greater 
than that of the quantity given. Boil this water ; mix the two, and note the 
resultant temperature t° C. by the given thermometer which will be a little 
over 50°C. Let m be the mass of cold water, 8 its temperature, and m the 
mass of hot water, then we have, w/(100 - 1) *= (t — fl). Hence calculate 0.] 


Art. 51. 

15. Account for the difference between the specific heat of a gas at cons- 
tant volume and that at constant pressure. [All. 1981 ; cf. ’44 ; ’46.) 

Art. 52. 

,16. “Water has a higher specific heat than any other liquid or solid.*’ How 
will this fact affect (a) determination of temperature by a water thermometer 
over ranges for which its use is permissible, and (5) the climate of islands and 
places on the sea- coast ? (Pat. 1931). 


Art. 53. 

17. The latent heat of water is 80 calories. By what number will the 

latent heat be represented if the pound is taken as the unit of mass and the 
temperatures are measured on the Fahrenheit scale ? (Pat. 1931).’ 

18. What is meant by the statement that the latent heat of steam is 536. 
What number will represent this latent heat, if the unit of mass is a pound and 
temperatures are measured on the Fahrenheit scale ? sj. , t .(Pat. 1941). 

19. On what factor does the latent heat of a substance depend ? If the 

calorie be defined as the quantity of heat required to raise the temperature of 
ope pound of water through one degree Fahrenheit, what would be the value of 
th$ latent heat of vaporisation of water in such calories, if its value in the 
gtfamme-Centigrade system in 580 ? (Pat. 1932) 

’ ■ [Value of latent heat in units as defined 580 x 1944]. v 

20. Explain the meaning of ‘latent heat.’ (C. U. 1909, ’13, 17 ; Pat. 1918). 


Art. 54. 

21. How would you determine the latent heat of fusion of ice ? 

(C. U. 1918, ’20, ’26, ’38 ; Pat. 1918, ’26, ’28). 

Find the result of mixing 2 lbs. of ice at 0°C. with 8 lbs. of water 



IP 

#82. 
*«° 0 . 


(C. U. 1981). 
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[Hints.— The amount of heat given out by 3 lbs. of water at 45°C. in 
.cooling to 0°C.**3 X 45 “135 pound-degree-C. heat-units ; and 80 such heat- 
units are necessary to melt 1 lb. of ice. So the amount of ice melted by this 
unit of heat* lbs. The result is (3 + 1*69) or 4*59 lbs. of water 

at 0 n C. and (2-1*89) or 0’31 lb. of ice at 0°C.)]. 

28. Dry ice, at 0°C. is dropped into a copper can of 100°C., the weight of 
the can being 60 grammes and the specific heat of copper 0*1. How much ice 
would reduce the temperature of the can to 40°C. ? (C. U. 1924). ^ 

[Am : 3 grams.]. 

24. What would be the final temperature of the mixture when 5 gms. of 

ice at -10°0. are mixed up with 20 gms. of water at 80°C. The sp. ht. 
of ice is 0*5. (C. U. 1926). % 

[Am: 7°C.|. 

25. Some ice is placed in a glass vessel held o\ er a spirit-lamp and melts 
to water at 0°C. in 2 minutes ; how long will it take M before it reaches the 
boiling point, (h) before it is all boiled away, assuming there is no escape 
of heat. 

[Am : (//)* min. ; (b) (2j+13§) inin.J 

Art. 56. 

26. A ball of copper of mass 30 gms. was heated to 100°C. and placed in 

an ice-calorimeter. In cooling down it evolved sufficient heat to melt 3*54 
gms. of ice. If the latent heat of fusion of ice is 80. what is the specific heat 
of copper ? (Dac. 1938) 

[Am : 0*094] 

Art. 57. * 

27. Explain how the specific heat of a solid may be determined by means 

/>f the ice-calorimeter. (C. U. 1914, *15 ; Pat. 1943). 

28. Describe a Bunsen's ice-calorimeter. (All. 1933). 

A substance was heated to 100°C. and 0*8 gin. of it is dropped into a 
Bunsen’s ice*calorjmetcr, due to which the thread of mercury in the capillary 
tube of 1 sq. mm. section moved through a distance of 6*9 mm. Calculate the 
specific heat of the substance (given that 1 gm. of water on freezing expands 
by 0*091 c.c.). 

[Am : 0*0758]. 

Art. 58. 

29. Describe any method of determining the latent heat of steam in the 
laboratory. State the precautions that should be taken. 

. (C. U. 1931 ; All. 1918 ; Pat. 1985 ; Dac. ’21). 

80, A copper ball 56*32 gms. in weight and at 15°C. is exposed to a stream 
•of dry steam at 100°C. What weight of steam will condense on the ball before 
the temperature of the ball is raised to 100°C. ? (sp. ht. of copper* 0 098. * 
Latent heat of ste&m*® 536 cal.). (Dac* 1$28}® 

[Am : 0*88 gm.] . 



CHAPTER VI 


Change of State 

59. Liquefaction and Solidification. — When a solid substance 
changes from the solid to the liquid state, the process is known as 
fusion and when a liquid changes irom the liquid to the solid state 
the process is called freezing or solidification 

Melting point — The particular temperature at which a solid turns 
into the liquid is known as the melting -point of the solid, which 
remains constant throughout the process of melting , /. c. the temperature 
remains constant until the whole of the solid is melted although heat 
is being applied all the time, if the pressure on it remains constant. 
The temperature will rise only when the last particle of the solid has 
been liquefied. This fixed temperature — called the melting point — is 
different for different substances. 

Similarly, during the process of solidification, the temperature 
remains constant until the whole of the liquid is solidified although 
heat is being withdrawn all the time Tbo temperature will begin to* 
fall only when the last drop of the liquid has been solidified This 
fixed temperature, which is different for different liquids, is called the 
freezing -point j or the solidification temperature , of that- particular 
liquid. It is the same as the melting point of the substance (/ e from 
the solid to the liquid state). 

If the cooling process be continued very slowly, then many liquids 
can be cooled below their soldification temperature. This phenomenon 
is known as super-cooling or superfusion. This condition is nob 
stable, for if the liquid is disturbed, or touched by fk particle ot the 
substance, solidification at once begins and the temperature rises to 
the solidification point. 

The amount of heat given up by a substance in solidification is 
equal to the latent heat of fusion. In the case of water, everv lb. or 
every gram q£ it must give out 80 thermal units before solidification- 
takes place and for this reason water does not freeze at once when 
cooled down to 0 9 C. Conversely, every lb. or every gram of ice must 
absorb 80 units of heat at 0°C. before fusion takes place. For other 
substances the value of the latent heat is much smaller. So water can 
. be called a storehouse of beat. For example, 1 cu. ft. ot water weighs 
6$'5 lbs., which, in freezing gives up 62'5x8O~5O0O units of heat,, 
which, again, can raise 50 lbs. of water from the freezing point to the 
bolliog point (50 * 100 - 5000). 
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Viscous state*— Some substances, solid at ordinary temperatures- 
such as iron, glass, wax, etc., have got no definite melting point. They 
gradually change Irom the solid to the liquid state passing through an 
intermediate plastic or viscous state. Some substances, liquid at. 
ordinary temperatures, such as glycerine, acetic acid and also some 
other organic*acids and oils, pass through an intermediate viscous state 
in changing from the liquid to the solid state. 

Sublimation. — Some substances, such as camphor, iodine, arsenic, 
sulphur, etc., change directly from the solid to the gaseous state, and 
vice veisa. They are called volatile substances, and this change of state 
is known as sublimation. 

60. Change of Volume in Fusion and Solidification.-^ 

Most of the substances increase in volume by fusion, but few 
substances, such as iee, cast iron, antimony, bismuth, bra^s, behave 
like water, that is, they contract in melting and expand in solidifying. 
In the first case, the solid sinks in the resulting liquid while in the 
other, the sohd floats on the corresponding liquid. A lump of cast iron 
floats on the liquid metal just as ice floats on water, and it is for this 
reason that these metals can be used for sharp castings, as on 
solidifying they must expand and till up every nook and corner 
of the mould. 

It has already been stated in Art. 116, Part I, that in freezing the 
volume of water increases by about 9 per cent., i.e. 11 c.c. of water 
at 0°C. becomes 12 c.c. of ice at the same temperature, and so ice 
floats on water with of its volume below the surface of water and 
. it above it. Thus, the volume of water formed by the melting of ice 
is less by xVth of the volume of ice. 

A great force is exerted by the expansion of water ofi* freezing, 
which sometime^ may cause great trouble as it does a good deal of 
damage by bursting water pipes in cold weather and by the splitting of 
rocks and soils, etc. On the other hand, the effect would have been still 
more disastrous if water contracted on freezing, as in that cise ice 
formed would have been heavier and so would sink to the bottom of 
_lak6s or ponds, and soon the whole mass of water would be converted 
"into a solid block of ice, and thus all aquatic animals would ultimately 
perish (vide Art. 29). 

^kgain, ice is a poor conductor of heat and so in cold weather at 
the cold countries, when the surface of any lake or pond is frozen into 
ice, it prevents the flow of heat from the water below to the space 
above ice which*,is at a temperature lower than 0°0. So, however* 
severe the cold ni&y be, water cannot freeze below a certain depth. 
ISven in region s neSr the North Pole, -the thickness of ice formed* on 
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the ooean reaches only about 4 or 5 metres, and this thickness changes 
by only a metre or two during the course of a year. 

On the other hand, ice, once formed, melts only slowly by the 
sun 8 rays which must supply the latent heat required for melting 
If the latent heat of fusion were not necessary for the melting of ice, 
ice and snow would melt very rapidly, and disastrous floods 
would result. 


In summer, water formed at the surface of ice being heavier sinks 
down and a fresh surface of ice is always exposed to the sun which 
helps more in melting. Thus the expansion of water on solidification, 
serves two purposes, it prevents accumulation of much ice in winter 
and also helps the melting of ice in summer. 

61 Determination of the Melting-point of a Substance.- - 

Two methods are given below for the determination of the melting 
point of a solid, like naphthalene, which expands on melting and 
-contracts on solidifying. 


2 







(a) Cooling curve Method. — Tins method is used when an appre- 
ciable quantity of the substance is 



available. Put the substance in a 
tost tube and melt it by heating in a 
water bath. Place a thermometer in 
the liquefied substance, take the tube 
out of the bath, dry its outside, sur- 
round it by a large vessel to protect 
it from air-curronts, and take read- 
ings at intervals of one minute as the 
cooling proceeds. It will remain 
constant during the process of solidi- 
fication after which it will fall. Take 
temperature readings until, sometime 
after, solidification is observed to bo 


Time 

Fig. 34—- Cooling Curve 


complete 

Now, plotting a graph with time^ 
and temperature, a part of the curve 


•will be seen to be parallel to the time-axis. The temperature corres- 
ponding to that part is the melting point of the substance, and Fig. 34 
is the general form of the melting point for a pure single chemical 
substance like naphthalene. The part which is parallel to the time- 
~axis shows no variation of temperature with time, and it corresponds 
to a purely liquid state, and the portion below this represents the 
■solid state of the substance. 
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In the melting point curve of a substance, which is a mixture 
of different substances, such as paraffin wax, or any fat, solidification 
takes place over a range of temperature, and there is no definite melt- 
ing point. The pelting point curves for a mixture of substances have 
several horizontal steps corresponding to the melting points of different 
constituents. *For substances like glass, sealing wax, etc., there is no 
abrupt change from the solid to the liquid state and they remain 
plastic over a range of temperature between the solid and the liquid 
state. As glass remains plastic over a wide range of temperature, so it 
can be worked and moulded. After taking a sharp bend, as in Pig. 
34, the slope of the curve in these cases changes continuously and 
does not become horizontal, that is, the thermometer-readings do not 
remain constant for several minutes. 


{b) Capillary tube Method. — This method is used when only a small 
amount of the substance is available. Heat a piece of glass delivery^ 
tubing in a blqwpipe flame and quickly draw it out, 
when soft, to form a capillary tubing of about i mm. 
diameter and with very thin walls. Take about 
10 cm. of this tube A. Melt some napthalene in a 
dish and suck up about 4 cm. length of it into the 
capillary tube. Now seal off the lower end of the 
tube, and attach it by a small rubber band to the bulb 
of a mercury thermometer T % which is mounted so 
that the bulb and the tube dip into a beaker of water 
with the top of the substance just below the water 
surface (Fig. 35.) Now carefully heat the water 
stirring it all the time. After a little time, the opaque 
solid will change to a transparent liquid on melting ; 
note this temperature. Now remove the burner and 
allow the liquid to cool stirring the water all the time, 
note the temperature when napthalene becomes 
opaque, solidifies. The mean of these two temperatures gives the 
melting point of the substance. Repeat this experiment two or three 
times so as to get a very good result. 



Fig. 35 


Note. — Generally the temperature at which a solid melts is the 
..same at which the liquid freezes. But for certain fats like butter this, 
is not the case. For example butter melts at about 33°C., but it 
solidifies at about 20°C. 

61(a)* Melting-points of Alloys . — In the case of alloys, the melting 
points are usually lower than those of its constituents, and it is for* 
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this reason that 'flux' is added to a substance with a high melting 
point in order to make it melt at a lower temperature. 

There are other alloys like Wood's metal, which is an alloy of tin, 
lead, cadmium and bismuth, having a melting point of 60‘5°C. ; and 
Rose's metal, — an alloy of tin, lead and bismuth, — having a melting 
point of 94*5°C. These alloys are readily fusibjo and so they find 
many applications in daily life They are used in automatic sprinklers 
for buildings , so that when a fire breaks out, a plug, made out of one 
of these alloys and inserted in a water pipe, melts, and thus the water 
rushes out from the mains. Fusible plugs are also used in closing 
free-proof doors automatically in the event of a fire, and fuses in 
•electrical circuits are also mado of these alloys. 

62. Effect of Pressure on the Melting point.— The melting 
points of substances, such as ice. iron, etc., which contract on melting, 
are lowered , and the melting points of those, which expand on melting, 
are raised by the increase of pressure. The melting point of ice at 0 °C. 
is lowered by about 0'007d°C for an increase of pressure of one 
^atmosphere. Paraffin wax, which expands on melting, melts at about 
54°C at a pressure of one atmosphere, and it will melt at a higher 
temperature if the pressure be increased. 

From a simple consideiation we would also expect the above facts. 
For, in the case of ice. any increase ol pressure tends to diminish its 
volume and thus it helps the process of molting for which the required 
amount of heat energy will be less So ice will melt at a lower 
temperature under increased pressure. In the case of paraffin, which 
expands in melting, any increase of pressure will tend to diminish the 
volume and thus it opposes the process of melting. Hence in this 
.case, more heat energy will be necessary to melt the substance 
t The depression of freezing point is used for the determination of the 
molecular weight of a substance . 

Regelation — The fact, that by exerting pressure the melting 
point of ice can be lowered, may be shown by pressing two pieces of 
ufe against each other and then releasing the pressure, when it will be 
found that the two pieces are frozen into one The pressure lowers 
the* molting point, and so water is formed at the surface of contact. 
On removal of the pressure, the melting point rises ; water freezes 
again, and thus the two pieces are ioined together, provided the 
temperature of the ice is not below 0*C., in which case the pressure 
applied by the hands will not be sufficient to redueo the melting point 
below the actual temperature of the ice and so the pieces of ice will not 
litt joined together. It has been found that a pressure of about 1000 
^ftty 0 *pher«s will be necessary to melt ice^Wben the air temperature is 



-7$°C, This phenomenon of the melting of ice by pressure is known 
ns regelation (L. re s again ; gelare , freeze). 

* This is demonstrated by the following experiments. — 

(1) Bottomley’s EXpt—A large 

block of ice retfts at its two ends on two 
supports. A Ijhin metallic wire with heavy 
weight on either end is placed round it. 

In about half an hour the wire cuts its way 
right through the block of ice, which is 
left whole. The pressure of the wire 
■causes the ice under it to melt and the 
wire passes through the water formed, 
which being relieved of the pressure then 
freezes again (Pig. 36). 

It is to be noted that the ice melting 
beneath the wire absorbs heat on melting 
and the water above the wire gives out 
heat at the time of freezing, which is then 
conducted through the wire to help the Fig. so 

ice below in melting. So the above process 

is helped if a metallic wire is used, for a metal is a good conductor of 
heat. Hence a twine is not suitable in this case ajid a copper wire 
will work more quickly than a steel wire. 

Experiments have proved that if the block be in an ice-house 
where the temperature is below 0°C., the wire cannot cut through the 
block : the temperature of the surrounding air must be above 0°C. 

• (2) The lowering of the melting point of ice by increased pressure 
can also be shown by means of the apparatus 
shown in fig. 37, which is known as Afousson’s 
apparatus. 

Expt.- The apparatus consists of an iron, 
cylinder closed at one end with a strong screw 
plunger P . The cylinder is partly filled with water 
which is then frozen by keeping it inside a mixture 
of ice and salt. A small metal ball B is how- 
placed on the top of the ice I in the cylinder which 
is then closed by the screw plunger. The whi^lc 
is then surrounded by ice and the pressure i* 
increased by driving the screw plunger in* t Qu 
opening the cylinder at the bottom, the metal bsjl' 
Pig. 87— Mouason’s is found to come out first though the water inside, 
■apparatus. is found to be still- frozen'. This shows that ice 
has melted under the increased , pressure and the -ball ^has; Come 
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down to the bottom. On relieving the pressure the water has again 
frozen. 

Welding . — When very near the melting point, two pieces of wrought 
iron can be moulded together into one piece. This is, called welding , 
which is an example of regelation. It has been found that any body, 
like iron or ice, which expands when cooled and contracts when heated, 
is cooled by^ pressure, instead of being heated. In the plastic condition 
say at 1200°C., when iron being heated contracts, two pieces of wrought 
iron are brought together, and pressure is then applied due to which 
the temperature of the joint falls some 50°C. at the junction, and the 
welding is done. 

63. Freezing Mixtures — Freexing mixtures are prepared by 
mixing generally two substances, one of which at least requires heat jn 
passing from the solid to the liquid state. This heat is taken from the 
mixture and so the temperature falls. The most common freezing 
mixture is a mixture of ice and salt (usually 2 parts of ice to 1 of salt) ‘ r 
every gram of ice in melting takes 80 units of heat from the mixture. 
If a test tube containing some water is dipped into the mixture, the 
water freezes. Low temperature can be produced more quickly by 
adding an excess of salt, but it will not effect the temperature of the 
freezing mixture. So, in order to freeze ice-cream quickly, we should 
add an excess of common salt. 

The freezing point of a solution is lower than- that of the pure solvent „ 
For this reason the freezing point of the solution of common salt ia 
lower than that of pure water. 

Photographers* ‘hypo’ (sodium thio-sulphate), ammonium nitrate, 
etc*, when dissolved in water, lowers the temperature to a great extent 
because, in dissolving, each takes the necessary amount of heat 
from the water. 


A FEW FREEZING MIXTURES 


Powdered ice 
Common salt 

Crystallised calcium chloride 
I<?e 

Ammonium nitrate 
Sodium sulphate 


Parts by 
weight 

1 1 
10 l 
7 


( 


Iteduction of 
temperature 

+ 10 to — 18®C 

+ 10 to -50*0. 

+ 10 to -26°G. 


64 . Laws of Fusion. — (1) A solid under constant pressure melts 
i n definite temperature, called melting-point o f the solid, and which 
t ifee same as the solidification point of the corresponding' liquid. 
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(2) The rate at which fusion takas placa is proportional tp the 
supply of heat, but the temperature remains constant until the whole of 
the solid has melted. 

(3) Substances , like ice, which contract on melting , have their 
mdting points loloered by increase of pressure , while su f stances, like 
paraffin wax, \yhich expand on melting, have their melting points raised 
by increase of pressure. 

(4) Unit mass of each substance during fusion absorbs a definite 
amount of beat, known as the latent heat of fusion, which is constant 
for that particular subtance under the same conditions 

65. Vaporisation and Condensation. —The change of a substance 
from the liquid to the vapour or gaseous state is known as Vaporisation , 
while the reverse process — tho change from the vapour to the liquid 
atate — i 9 known as Condensation or Liquefaction. 

The phenomena of vaporisation and condensation are almost similar 
to those of fusion and solidification. The following points are to be 
remembered about the process ol vaporisation, whioh has gob different 
names under the circumstances in which it takes place. — 

(a) When tho change of a substance from the liquid to the 
vapour state takes place slowly at all temperatures, the J[orm of 
vaporisation is known as evaporation . 

(b) When the change takes place more rapidly at a definite tem- 
perature the form ol vaporisation is known as ebulhtion or boiling . 

In this case also, every lb. or every gram of a substance requites 
a quantity of heat at its boiling point in order to be converted from the 

• liquid to the vapour state, the quantity of heat being known as the 
latent boat of vaporisation of the substance. The same amount of heat 
will also bo necessary to he abstracted from unit mass of the ''ubstanco 
at its boiling pojnt in order to be converted from the vapour to the 
liquid state. This amount of heat in tho case of water at 100 0 is 
536 units. 

66 Phenomena during Change of State. -The following pheno- 
mena are observed lor n substance when it changes its state from solid 
■ to liquid or from liquid to vapour *. — 

(a) Latent heat is absorbed , (b) Temperature doos not change^ 

* until the whole df tho substance has changed state , (c) The volume 
of the substauce changes. 

67. Evaporation and Ebullition (or Boiling) — If a shallow dt^ 
containing water be left in a room the water will soon disappear. Simi- 
larly, volatile liquids like alcohol, ether, turpentine, petrol, etc., 




vfriisiw ' 


e&posed to the air, will disappear much mo rapidly This gradual 
change to the gaseous state must be taking place fiom the surface of 
the liquid and it goes on at all temperatuies 

So evaporation is the gradual blow change of a substance from the 
hquid to the gaseous state which tales place at the surface of the liquid 
at all tempeiatures 

Factors governing evaporation. 

(a) 1 hr- temperature of the liquid The higher the temperatuie 

the faster is the formation ot vapour 

(c) The nature of tin liquid Aquaitit} of cthei will disappear 
faster than the same quantity ol witei under the same conditions, i e , 
a liquid having a low boiling point will be evipoiated quickly 

(i c ) The renewal of air oier the liquid surface The late of eva 
poration increases by renewing an over the liquid surface That is 
why, wot Imcn dries ud more quickly on a wind} da> than on a calm 

day 

(d) The pressure of the an The less the pressure of an on the 
liquid the greator is the nrfe of evaporation So the rate of evapora- 
tion is maximum in vacuum Lvaporation in vacuum is used m 
chemical works for preparing extracts irom solutions 

(e) The area of the e i posed su i face The greatei the area of the 
surface of a liquid exposed to the ur, the greater is the evaporation 
So hot liquid is taken in flat dish to get it cooled quick 1 } 

Boiling.— -If a liquid is hoxted, the rate ot evaporation increases , 
and if the heating be continued, a stigo will bo reached when lipid 
evapoiation takos place throughout the mass ot the liquid, and there 
19 no further rise of temper iture This stage is known as ebullition or 
bodtraf and the const inf temperatuie is called the boiling point of the 
liquid which is different for different liquids ho ebullition ot boiling 
is the rapid chxnge of a substance f 1 on i the liquid to the gaseous state, 
which takes place throughout the mass of flu liquid at a definite temp- 
m Yatun, depending on the pressure undei which the change takes 
jri&GG 

Distinction between evaporation and boiling— The difference 
between evapor Jbtion and ebulhon is th it the foimer takes place at the 
surface of the liquid at all tnnpeiatuies wherexs tho latter takes 
place throughout the mass ol the liquid it a partieulai temperature , , 
and evapoiation is a slow process while ebullition is a rapid one 

68. Cold caused by Evaporation.'-— E vapor ation produces cooling 
When evaporation takes place from a liquid, the temperature o£ the 


liquid falls* because the latent heat necessary for vaporisation is sup- 
plied by the liquid itself and so there is loss of heat. This is the 
reason of the qpoling effect of the wind on the moist skin, or the 
wind coming through Khas-Khas screens in summer months. The 
cooling effect wifi be rapid if a few drops of ether or alcohol are placed 
on the skin instead of water. One gram of water, say, at 15°0. 
would require much more than 536tcalories to change it into vapour 
at that temperature. The bulb of a thermometer wrapped with a 
piece of muslin will show a fall in temperature when a few drops of 
ether are poured over the muslin. # 

A porous pot keeps water cooler than a non-porous pot. — 

In hot countries, water is pub into earthen vessels which are 
porous. The water which oozes out of the pores are evaporated and 
thus the water inside is kept cool. Water in this case will be much 
cooler than the water kept in a glass or metallic vessel of the same 
size because, in the first case, the evaporation takes place all over the 
vessel, while.'in the other case, it takes place only from the surface of 
water at the mouth. 

The watering of the streets in summer not only lays down dust 
out produces a cooling effect by evaporation. 

When drinking hob milk, or tea, it is generally poured in a shallow 
saucer before drinking, in order to expose a larger surface of the liquid 
so that evaporation may take place more rapidly. In summer, dogs 
are seen to hang out their tongues in order to expose a surface to air 
for evaporation so that they may enjoy the cooling effect caused by it. 

The reason of using a fan in summer is to increase the rate of 
evaporation of the perspiration coming out of the pores of our skin. 
Generally, the vapour formed out of the perspiration remains over the 
skin due to which tho rate of evaporation becomes slow, but, when a ; 
fan is used, the wind produced by the fan removes the layer of vapour 
and this renewal of the air in contact with skin increases the rate of 
evaporation. This causes greater absorption of heat from the skin' 
due to which cold is produced. 

Experiments. — The absorption of heat, and the consequent produo-^ 
tion of cooling, by an evaporating liquid may be shown by the following 
oxperimennts, whore it will be seen that it is possible even to freexp 
a liquid by the loss of heat caused by its own evaporation, / , 

(l) A few drops of water are placed on a block of wood and |t1 
thin copper calorimeter containing some ether is placed on the , W&terv| 
, Tho ether is now made to evaporate rapidly by blowing air through 
it by foot bellows, $ he other in rapidly eyoporafcing i&ke*, beat 
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the water, under the beaker, which will ultimately freeze, and thus 
the beaker becomes attached to the wood by a layer o£ ice formed 
between them. t 

(2) Wallaston’s Cryophorus,— This illustrates tl\e above principle. 
It consists of a bent glass tube having a bulb at each end containing 
a little water and water vapour' only, but no 
air. All tlfe water is transferred to bulb P and 
the bulb A is surrounded by a freezing mixture 
(Fig. 38). The vapour in A condenses ; the 
pressure inside falls and more water evaporates 
from P, the water in which is gradually cooled 
and ultimately may be frozen into ice 

(3) A shallow r metal dish containing a 
pj Oyophorus little water and another dish containing strong 

‘ 1 " ‘ 1 sulphuric acid are placed under the receiver 

of an air-pump. On exhausting, the pressure inside falls, the water 
of the dish rapidly eyaporates, and the vapour formeebis absorbed by 
the sulphuric acid, and thus always keeping the pressure inside low. 
So the w T ater continues to evaporate rapidly, whereby the temporature 
of the water falls and ultimately a thin layer of ice forms on the 
surface of the water. This is known as Leslie's Experiment. 

69. Refrigerators and Ice Machines.— The cooling produced 
by an evaporating liquid is utilised in mechanical refrigerators and 
ice machines. The liquids commonly used are ammonia, carbon- 
dioxide, sulphur dioxide, freon etc. A refrigerator is used for indus- 
trial purposes in cold storage warehouses, in the house-hold (especially 
in hot countries), in air-conditioning plants, in hotels, and in 
theatres etc. 

Ice Machines. — The essential parts of the machine (Fig. 39) /are 
the following : — 

(1) Coil A, called tho evapo- 
rator, is surrounded by a strong 
solution of brine. 

(2) Coil B , contained in a 
tank, called tho condenser , is 
surrounded by running water. 

(3) A pump, which , can work 
fSfaoth as an exhaust and a com- 
pression pump, 

A regulating valve V . ; 






Action —The whole working takes place in three steps. — 

(а) The rofrigerating gas is compressed by a pump driven by an- 
electric motor or*sieam engine. The compressed gas enters the coil 
B opening the exit valve. 

(б) The CQmpression produces heat (as in a bicycle pump), and 
the gas is cooled bv the running cold water round the pipes B contain- 
ing the compressed gas. „ 

(c) The gas is liquefied under pressure at the tomperature of the 
water and the liquefied gas is allowed tp pass slowly through the 
regulating valvo V to the coils in box .4, whore the pressure is kept 
low by working the pump as an exhaust pump. The liquid now 
evaporates very rapidly absorbing latent heat from the surrounding 
brine solution The cold brine, the temperature of which falls several 
dogreos below 0°0., is then caused to circulate round the water in the 
can, which is to be frozen, or, to do cold-store work, through the 
rooms which are to he kept at a low temperature. 

During the suction stroke, the admission valve between the coil A 
and the cylinder of the pump, which can open into the cylinder only, 
is lifted owing to the fall of pressure in the cylinder and the liquid 
rapidly evaporates, producing cold in the brine solution. The next 
compression stroke, by which the evaporated gas is again compressed 
and liquefied, starts the cycle again. 

Jn order to cool the air of theatres and hotels of hot countries, 
the air is directly forced over the cooling coils in the evaporator and 
the brine solution is dispensed with. 

70. Saturated and Unsaturated Vapour. — Whenever a liquid 
evaporates at any temperature it exerts a definite pressure like a 
gas, which is called the vapour pressure of the liquid at that 
temperature. • 

Take two barometer glass tubes, A and B> each about a metre 
long and 4 or 5 mm. in diameter. Fill each completely with dry 
mercury and, after closing the open end with the thumb, invert both of 
, them in a trough V of mercury (Fig. 40). Clamp the tubes vertically 
side by side, The mercury in both of them will be found to stand at 
the same level, the height of which above the surface of mercury in the 
trough indicates* the atmospheric pressure at the room temperature. 
Now, if a few drops of water or ether are introduced into the 
Toricellian vacuum of one of the barometer tubes by means of a bqnt 
pipette P, the liquid rises through the mercury on the top of the tube 
and evaporates immediately. The pressure of the vapour formed ifefci#. 
depresses the mercury column slightly. If further small quantities ax& 
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introduced little by little, the quantity of vapour on the top of the tube 
Drill be increased and there will be further depression of the mercury 
column. On continuing this process, a stage will J>e reached when 
there will be no more evaporation and no more depression of the 
mercury column. The liquid introduced will bo collected on the 
surface of mercury. At this stage, the space I above (Mu Fig. 40 (1)1 
is said to bo saturated with the vapour, or is said to bo full ol saturated 
Vapour . Before this stage, the space was unsaturated , or was full of 
unsaturated vapour. As there was no further depression of the mercury 
column after the vapour became saturated, it was evident that the 
saturated vapour exeited tts maximum pressure at that tcmpeiatuie . 
and the difference B C of mercury levels in the tubos 7> and A (which 

serves as a barometer) gnes the pressure 
of the water vapour in B I Fig. 40 (l)|. 

Thus, a vapour is said to be saturated 
when m contact with its oun liquid ccmlmed 
in a closed space , it e^ert^ the minimum 
pressure at that tempeiaiuie , and the 
vapour is said to unsaturated when it is 
not exerting the maximum pressure possible 
at the temperature. 

Repeating the above experiment with 
different liquids, it will he lound that 
saturated vapours of different liquids e,iert 
different pressures at the same tempeiatme . 

71. Unsaturated Vapour and Boyle’s 

Law —In the above experiment the height 
B i, corresponding to height It in Fig. 40 (1), 
of the mercury column 1 Fig. 40 (2) , read 
before introducing any liquid in the tube, 
will measure the atmospheric pressure 
This height will diminish after introducing 
only two or three drops ol the liquid, 
because the mercury head is depressed due 
to vapour formed. The difference between 
these two hoights of mercury columns gives the pressure of the 
tmsaturated vapour occupying the space over the mercury bead. On 
now pushing down the tube into the trough I Fig. 40 (2) J until the 
volume of the vapour is halved, and taking the difference 'botwoeu tho 
,n«fw height C t of the mercury column and the barometric height, it 
found that the new (pressure which is the difference A x of 
AwWmry levels) is twice the previous pressure. SimiWly, making the 
the vapour one-third, or one-fourth, of v ‘the initial volume* 

f * to * V . ’ 



Fig. 40 
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the pressure will be found to be three times, or four times, the original' 

* pressure. Thus the unsaturated vapour obeys Boyle's Law . 

72. Effect of change of Volume on Saturated Vapour.— If the 

tube containing tlie saturated vapour in the presence of its liquid be 
pushed into the mercury, the volume will diminish, 
and some vapour will be condensed, but it will ho 
seen that the height of the mercury column 
remains constant, as C t in Fig. 40*2), proving 
thereby that the pressure exerted by the saturated 
vapour at a given temperature is 'independent of the 
volume occupied by the vapour at that temperature. 

Again, if the tube is gradually raised the volume 
of the vapour will increaso and more liquid will eva- 
porato to saturate the space above mercury, but 
the height of the mercury column remains un- 
changed, that .is, the pressure of the vapour remains 
unchanged. Thus, the pressure of saturated 
vapour is independent of its volume, i.e. a saturated 
vapour does not obey Boyle s Law. 

72 (a). Effect of temp on Saturated 
Vapour. — At constant volume, if temp, is increased, Fig. 41 

more liquid evaporates and the pressure increases. The pressure is at 
any stage equal to the saturation vapour pressure at the higher temp. 

If temp, is lowered, some of the vapour is condensed and thereby the 
pressure falls to the saturation vapour pressure at the lower temp*, 
but the change of pressure in either case does not obey Charle's law. 

If, at the time of increasing the temperature, no more liquid is 
supplied, the vapour becomes unsaturated , and then the pressure will 
be inversely proportional to the volume of the vapour. Thus* 
unsaturated vapour behaves approximately as an ordinary gas, and V 
obeys approximately Boyle s and Charles' Laws. 

7B. Measurement of Saturation Vapour pressure of water at , 
diff. temps. (Regnault’s expt.).— Regnault determined the saturation; 
vapour pressures of water over a wide ran go of temperatures and h as ;; 
incorporated them in a chart, popularly called the Regnault’s table; 
of vapour pressures/ He used the following arrangement of apparattiis*; 

( for the fcerapqjratures between 0°0. and 50°C. and the arrangement 
fig. 45 for temps, between 50 6 C. and 230°C. . : ^ 

Set up the t&o barometer tubes s A and B (fig. 41) vertically. wiidr 
their upper ends id .a water bath J provided with a stirrer TWi 
bath ^ rngulated m desired whether below or above tfe®; 
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room temp., by the addition of ice or passing steam through a beater 
tube immersed in the bath ; the inequality in temp, being prevented by 
constant stirring. The liquid whose vapour pressure is to bo deter- 
mined is introduced into the R. H. S. barometer tube* B by means of 
a bent pipette until a thin layer of the liquid collects on the Hg-level 
i.e. until the space is saturated at the desired temp. When the desired 
temp, is attained, it is determined by a sensitive thermometer T and 
the difference of levels in the two barometer tube is read, which gives 
the vapour pressure. The expt. is subject to the errors due to 

(a) the pressure of a thin layer of the liquid in the experimental 
tube. 

(b) difference in surface tension of Hg. in the two tubes, in one the 
Hg being in contact with water while it being in contact with 
its own vapour in the other. 

74. Conclusion — From the above experiments we establish the 
following facts : — 

(1) When sufficient liquid is present to saturate a closed space 
with its vapour, the vapour exerts its maximum pressure, which is 
constant for the given liquid at that particular temperature , and 
increases with the increase of temperature. 

If sufficient liquid be not present, the space is said to he un satu- 
rated with that vapour. 

(2) Rise of temperature of a saturated vapour in the presence of 
the liquid increases the vapour pressure, the pressure at any tempera- 
ture being maximum at that temperature. 

l. 

If no liquid is present when temperature rises, the vapour 
becomes unsaturated. 

(3) Keeping the temporature constant, if the volume of a 
saturated vapour, in the presence of its own liquid, be increased, more 
vapour will be formed, and, if diminished, some will be condensed 
[Fig. 40(2)], but the pressure will remain constant . 

If no liquid is presenu when volume increases, the vapour 
' becomes unsaturated, and changes of pressure and voluffie take place- 
's according to Boyle’s Law. 

(4) Saturated vapour does not obey any of the gas laws, while 
unaaturated vapour behaves like a ga^and obeys the gas laws.. 



Th& above phenomenon can be compared to the solution of a 
soluble solid, say sugar, in water. When the solution contains the, 
maximum amount of sugar possible at that temperature, it is called a 
saturated solutiop like the ‘solution’ of the maximum amount of water 
vapour in air. If the sugar solution is cooled, some sugar crystallises 
out, so if air saturated with water vapour is cooled, part of the water 
vapour condenses. Again, by increasing the temperature of the sugar 
solution, more sugar can he dissolved, and, similarly, the warmer the 
air the more water vapour will it hold in suspension. 

75 Pressure exerted by a Mixture of Gas and Vapour : Dalton's 
Laws. — If a known quantity of gas or vapour is introduced into the 
Torricellian vacuum of u barometer tube, it will exert some pressure 
which will bo known by the difference between the heights of the 
mercury columns, as explained before (Fig. 39). If a known quantity * 
of anothor gas or vapour is introduced into another similar tube, the 
pressure exerted by it can nlso be measured in the same way. If, now 
a similar nutss of {he same gas or vapour (as in the third tube) is 
introduced into the second tube, the total pressure exerted by both the 
gases or vapours will be seen to ho equal to the sum of the individual 
pressures exerted by each of then) The laws, regulating the pressure 
of vapours or gases, known as Dalton’s Laws of Vapour pressure are 
given as follows : — 

7. The pressure exerted by a vapour , which saturates a given 
space, is Ike same for the same temperature, whether the space contains 
a gas or is a vacuum. 

The total pressure exerted by a mixture of gases or vapours, 
which have no chemical action upon one another, is the sum of the 
individual nr partial pressure exerted. by each constituent , if this 
occupied the irhrte space alone at the existing temperature . 

76. Gas and Vapour * - There is no hard-and-fast line of 1 
difference between the two terms, gas and vapour. But generally, the 
term gas is used to describe the state of a substance when it is above its 
Critical temperature (-*- i.e . the temperature below vdiich the substance 
* can he liquefied by pressure, and above which it cannot he liquefied under 
any pressure whatsoever), while the term vapour describes the gaseous;' 
state of a substance below its critical temperature. ? 

The pressure which will liquefy a gas at its critical temperattiffii" 
is called its critical pressure. , , • 

The critical temperature of carbon dioxide is 31°G. f and its critical 
. pressure is 73 atmospheres. 'Thus iifiove 3,1 °C. carbon dioxide is a feu&j; 
gas, while below this temper a tti^ it is a vapour. 
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Examples. — (I) A quantity* 'of oxygen is collected oner water in a graduated 
tube. The height of the column of water left in the Me is 68 ?mn . , and Us tempera- 
ture is 80*0 ; assuming the space occupied by oxygen to be saturated with aqueous 
vapour, find the pressure of the oxygen, the maximum pressure of vapour at 40* C„ 
being St 55 mm., and the barometric height 758 mm. 


The pressure of 08 mm. of water is equivalent to «5 mm. of mercury* 

13 6 

The atmospheric pressure balances the pressure of oxygen, the pressure of 
the vapour, and the column of water in the tube ; hence, if srmm. be the pres- 
sure of oxygen, we have x 4* 5 + 31*65 ~ 758 ; x = 721*55 mm. 

(2) A quantity of dry air at 25* C. occupies a length of 186 mm. in a tube oner 
mercury , the mercury standing 612 mm. higher inside the lube than outside. A small 
quantity of water is then passed up into the tube and the mercury column falls to 
5 f) 9'4 mm. Find the pressure of aqueous vapour at 25°C., the laboratory barometer 
standing at 758 mm. 


The original pressure of dry air* 709 - 612* 147 min. When the air is. 
saturated with the vapour, it occupies a length of 156 + (612 - 599'4) ■* 168'6 mm. 


• *• The final pressure of dry air alone* 


147 X 156 _ , , v 

_ - 136 mm. ... (Iknle s law> 

Ion n 


Hence, if x mm. be the pressure of the vapour, we have 
-r +136 + 599*4- 759 ; x«28'6miii. 

* (3) 1000 c.c. of a gas are collected over water at 20* C and 760 mm piessurcl 

the Space being saturated with aqueous vapour. Find the volume of dry gas at N. T P., 

• the maximum vapour pressure at 20° C. being 17' 4 mm. (All. 1920} 


760 mm. is the combined pressure of dry gas and aqueous vapour at 20°C. 

; , According to Dalton’s laws, pressure of dry gas alone at 20°C. 

v s= 760 - 17*4 «■ 742*6 mm. Volume of dry gas = 1000 c.c. 

y/- Hence, we have, if Fbe the volume of dry gas at N. T. i\. 


* 742*6 x 1000 760 x V 

276 + 20 *° 276 


or F**910‘4 c.c. 


&*, '• 

if* {4) A mas 9 of air is saturated with water vapour at a temperature of 100° C. ; 
■'#» raising the temperature Iq 200° C. without- change of volume, tlie' pressure is raised 
atmospheres. Find the pressure at b°C. of this volume of the dry air alone. 



Let P«* pressure of the dry air at 100°C. 

• The total pressure of the moist air at 300°C * (P+ 760) nun, (' The 
pressure of water vapour at 100°C. ** 760 mm.) 

p ft , 

Then from bli$ formula, where T and T tire absolute temperatures. 


corresponding to pressures P and P ' wo have 

P+780^ 2X700 
"37a “‘273 + 200 01 


P - 438’64 nun. 


Again, if P 0 be the pressure at 0°C„ we have 


P 0 4«ft*64 
273 “273 + J 00 ’ 


2 o» 321*04 ram. 


77. Boiling. — When vapour is given off by a liquid rapidly and"' 
violently throughout the whole inass of the liquid, the liquid is said 
to boil, the temperature remaining constant under constant pressure 
throughout the process of boiling. This constant temperature is - 
known as the boil my point of the liquid. 

When water is heated in a glass vessel, bubbles will appear inside 
the vessel which will rise to the surface with increase of temperature. 
These are air-bubbles dissolved in water. After a time, bubbles of 
steam formed at the bottom, while rising above towards the colder 
layers, collapse due to condensation. This produces a peculiar ‘sing- 
ing* sound. On further rise of temperature, the steam bubbles rise 
vigorously to the surface and boiling begins. 


if pure water, which has been previously boiled to drive away 
dissolved air, be heated in a clean vessel, bubbles will not be formed 
for some time anti the temperature will rise above the boiling point -. 
[vide supf3r-cooling in Art. 59). Then suddenly large bubbles will be 
formed which will burst forth with explosive violence and there is a 
tendency for the whole liquid to be thrown out. The temperature of . 
the liquid now comes down to its normal boiling point. This phono-., - 
iuenon is called boiling by Bumping. 


* Bumping may j>e prevented by introducing some rough material* , 
M>ay a few fragments of glass or porcelain, into the liquid, as the pjre* ‘b 


sence of air in the crevices* will facilitate boiling. 


Condition ton Boiling .— A liquid boils at a temperature at 
the pressure of its vapour is equal to fihe pressure to which the 
of the liquid is exposed. * 
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Experiment*.— (1) A barometer tuba i* filled with mercury and 
inverted over a trough of mercury (fig. 42). The 
tube is completely surrounded with a jacket 
through which steam can be passed. Introduce 
some water into the tube by means of a bent pip- 
ette, and gradually pass steam into the jacket. As 
the tempera buro rises, more and more water vapour 
is formed at the top of the mercury column, which 
depresses the mercury column until, if there be 
sufficient liquid present, tho mercury inside the 
tube is at the same levol as that in the trough. 
This means that the pressure of the water vapour 
at the temperature of the steam, /.e„ the boiling 
point, is the same as the outside pressure, which is 
tho atmospheric pressure , or in othor words, 
water (or any other liquid) boils at a temperatm e 
when its vapour pressure is equal to f he pressure on 
the surface of the liquid . 

Consulting the table of the pressure of water 
vapour it will be seen that the maximum pressure 
of water vapour at 100°C. is 760 mm., so water 
boils at 100°C. when the external pressure is 760 mm. , similarly 
water boils at 90°C. when the external pressure is 525 '5 mra 

Thus the boiling point of a liquid can be defined as the temperature 
at which the maximum vapom pressure oj the Uquil is equal to the 
external pressure to which the siu face of the liquid 
is exposed . 

(2) Take a bent tube AB closed at B as 
shown in Fig. 43. The small arm contains 

some well-boiled water below which is mercury 
M which also rises in the longer arm. The level 
pi mercury in the longer arm is below that in 
the other Now introduce the tube into a flask 
Containing some water such that the tube is 
above the surfaco of water in tho flask. Boil 
the water and allow the steam, which sur- 
rounds the lower part of the tube, to escape 
through an exit tube. In a short time it will 
found that the mercury assumes the same 
tyfayet in the two arms, showing that * the raaxi- 
jMmm vapour pressure at the boiling point is’ 
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Fig. 48. 



78. Boiling Point depends on Pressure — From the experiments 
already described it follows that the boiling point of a liquid mil 
chcmgt if the piessure to u Inch the sin face of 
the liquid ts exposed changes Thus water 
will boil at a tenaperature higher than 100 C 
if the atmospbonc pressure is liighu than 
760 mm, and similailj, it will boil at \ 
lower temperature il the pressuie is lowered 
So, on the top of a high mountain, wit<i 
will boil it a tempeiature lower than 100°C 

(1) Boiling under Reduced Pressure 

— lln is demonstrated b} tic tollowing 
experiments — 

Franklin’s Expt — ( a ) Boil some watei 
in a strong glass flask until all the in is 
expelled Now remove the huinei and in\ert 
it iftei it ib •tightly coiked (Fig 44* The 
space above tlu suiiice of w itei contvins 
situnted witci vapoui When boiling ceiflts, 
poui some cold water on the llisk This condenses some vapoui 
inside the il\sk and thus i educes the piessiue over the surtace of 
w iter but witcr boils i*nn This shous thib boiling is possible 
it i temp below 100°C b} leducmg tho picssdie on the liquid 

{h) The svme result ein he pioduced by placing a beakoi con 
tuning some boiling water in the receiver of in ur pump On Dumping 
.out some in, is son is boilnv cr ues, the w iter will agim be found 
to bo l oiling 

(2) Variation of Boiling Point with Pressure \ liquid can be 
boiled at difluent tempo. i tines by t hinging t ho pressure of air ibove 

the suii ice of the liquid The airange- 
ment i-* shown in 1 if 45 The liquid 
is plated in a boilei I which is connec- 
ted with a lirge ill lcsuvou I* through 
i Ltchigs condensei C The itoervo if 
JJ i c connected witli mucui\ manometer 
M aid an air pump The liquid & 
ho iteel until it boiU undei a given 
piessuie and the boiling point is read 
b> mean*' of a sensitive thermometer ^ 
the bulb of which is placed in the V&pmp 
* and not m the liquid The reason for this is that liquids sometime^ 
may boil irregularly when the temper at uie rises several degrees abpva- 
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iftfee true boiling point. The condenser condenses the vapour an 4 
i restores it back to the boiLer A, The reservoir B containing air is 
gurrottuded by water to keep its temperature constant. The pressure in 
JB is adjusted to a definite value by connecting it with a compression or 
exhaustion pump as is required for increasing or reducing the pressure. 
Take the reading of the thermometer when it becomes stationary after 
l boiling commences, and record the manometer reading at the same 
time. When the liquid boils, the pressure of its vapour is equal to the 
•Superincumbent pressure which is indicated by the manometer M. By 
altering the pressure to a new value, the boiling temperature is altered 
and the saturation vapour pressure of the liquid for that temperature is 
, obtained. By this moans Regnault was able to determine saturation 
pressure of water vapour up to 230°C„ the pressure at that temperature 
being 27$ atmospheres, and he used this method for determining 
<vapour pressure of water above 50°C. 

On the top of a mountain the pressure is less than that at sea-level, 
•so the boiling point of water there is less than 100°C. For example, 
water boils at 93‘6°C. at Darjeeling, which is about 7200 It. above the 
sea-level ; and at Quito (in S. America), the highest city in the world 
(9520 ft above the sea-level), the normal height of the barometer is 
52’5 cm. and water boils at 90°C At the top of Mont Blanc (15, 781 
ft.) water boils at 85°C. 

It has been found that the boiling point of water decreases by 
1°C. for every 960 ft. increase in elevation above sea-level, or, in other 
words, for a reduction of pressure of 2(i'k mm. the boil my point falls by 

rc. 

Papin’s Digester.-— The cooking power of boiling water depends 
Upon the temperature at which it boils, hence on the top of a very high 
mountain it is impossible to cook food in an open vessel. But, by in- 
creasing the pressure, water can be made to boil at any higher tempera- 
ture. So, for cooking food on the top of a very high mountain, a 
special closed vessel, provided with a safety valve, is used, the pressuro 
Within which can be raised to about 760 mm This special contrivance 
named Papm's Digester. Ordinarily by closing a saucepan with a, 
cover the difficulty of cooking, tea-making, etc., can be solved to some 
extent. 

Boding under increased preesure U useful for the manufacture of 
^tWtificial silk ; for the preparation of pulp used in paper-making by* 
boiling wood with caustic soda ; etc. 

SL Boiling under diminished pressure also has its uses. For instance, 
preparation of condensed milk, much of the water of the milk it 



drfvett oft at a low temperature in order to keep the food value of the 
,*Mlk unaltered. Sugar is also refined by a similar process 

i®. Boiling Points of Solutions —What has been said so fax 
regarding boiling points is confined to puie liquids only, such as water* 
ether, etc The law, namely, a Liquid boils at a temperature at which 
ipi vapour pressure is equal to the pressure on its s urface, is also obeyed 
hy the boiling points ot solutions but the vapour pressure of a solution 
at a paiticular temperature is always less than that of a pure solvent at 
the same temperature, so the temperature of the solution has got 
to be rused above the boiling point of the solvent before it will 
boil So (a) the boil niq point of a solution is always higher than that 
of the pute solvent , and (b) the amount by which the boiling point ts 
mcteasel is propoitional to the concentration of the solution 

So besides the effect of piessuie, tlie boiling point of a liquid ti 
also effected by tl e pr^nc e of subs tan es dissolved in it For example, 
the boiling point of sei watoi is about 104°C , while that of pure water 
is 100°C and it ha 6 - already been said that the increase of the boiling 
point dopends upon the weight of the substance dissolved So, the punty 
of a liquid can be tested by its boiling point 

80 Laws of Ebullition —(/) Eienj liquid has got a definite 
bailinq point at a particular pit ^ me , b / mcicasnui or decreasing the 
prc>su)( the boiling point is laised 01 loweien 

(*) A liquid boils v hen the maximum pressure of its vapour u 
equal to the atmospheric pressure 

(0 The temperature at which a liquid boils remains stationary 
until the whole of the liquid is t inporated 

( J ) The temperature dui mg boiling is constant so long as the pres- 
sure is constant 1 detuute quantity of heat , known as the latent heat 
of vaporisation, is absoibed by one gram of the liquid in chancjtnq from 
the liquid to the vapom state at the same temperature 

81 Ebullition and Fusion Compared*— 

(ft) The temperature remains stationaiy throughout each process* 
when the corresponding latent heat is absoibed 

(6) As there is supei -cooling of a liquid under some conditions 
^o there may be supor-heiting tint is, the liqu d rniy ho heated abotfB 
a-Jts boiling point wfthout boiling 

. (c) Both free/xug and boiling points of a liquid are changed wSfth 

pressure, though in the fust caso it is iciy small 

( For both the processes there is goneially an increase 1$ 





W In the case of a solution, tbs freezing point ot a solution is 
lower f but the boiling point is higher, than that of the pure solvent. 

82 Change of Volume of Water with Change of State — 
When water is changed from the solid to the liquid state its volume 
decreases upto 4°C , after which it gradually increases upto 1OO 0 C„ 
and, when it is changed into steam at 100°C, and at atmospheric pres- 
sure, its volume increased more than 1670 times , that is, a cubic 
inch of water produces about a cubic foot of steam. The curve (Pig. 46) 
shows diagrammatically tnot accoidmg to scale) the changes in volume 
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Fig. 46 

when 1 gram of ice at - 10°C. is heated to steam. The portion AB of 
the curve represents the expansion ot ice as its temperature increases 
from — 10 to 0°C. The portion BC represents the state of melting of 
ice when the volume diminishes, the temperature remaining constant at 
0*C. The portion CD shows the diminution in volume of water as its 
temperature rises from 0°C. to 4 C., when it attains the minimum 
volume, after which the volume of water increases as its temperature 
rises from 4°C. to 100°C. at which the water begins to boil. This is 
represented by the portion DE. The portion EF shqws the state when 
water boils and changes into steam, the temperature remaining constant 
lit 100°C., but the volume of the steam formed is enormously in- 
creased being about 1670 times the volume of water taken. The portion 
Seyond F shows the increase in volume of the steam with the rise of 
temperature. 

The large expansion , when water is turned into steam, accounts 
in seine degree for the large volume (536 cals, in the case of water) of the 
, lament heat of vaporisation. The required latent heat alters the coqydir- 
t : ;tion of the molecules in changing the liquid state to the vapour st*t$v 
^ i&d also bis to do external work in displacing the atmosphere. Tbc 
£iwork: required for this is great’ as the expansion is great, and so ih& 
of befit is equiyalent to fhis/work, 





8®, Beteraliiatiott tf Height by Boiling Point : (Hyp$m*try).*~4 
. The bright of a place can be determined by knowing the atmcwapberio, 
pressure at the top and at the bottom of the place. The presence 
of the vapour of a liquid at its boiling point is equal to the superin- 
cumbent pressure. So y by determining the boiling point by means of a 
hypsometer at the top and bottom of any high place, the atmospheric 
pressure at both these places can be known by referring to Regnault’s 
table of maximum pressure of water vapour. The process of determining 
height by this method is called hyspometry . Ths meaning of the 
word “hypsometer * is lieiqht-measurer . Roughly it has been esti- 
mated that there is a difference of 1 inch in the barometric pressure 
for every 900 ft. change in altitude. The height can also be calculated 
in the following way : — 

The difference of pressures will be equal to the weight of a column 
of air of height equal to the height of the place, and of area equal 
to 1 sq. cm. The pressure and temperature of the air may be taken to 
be the mean of tho two pressures and temperatures at the top and the 
bottom without much error. 


Let P x * atmospheric pressure at the top corresponding to the 
boiling point obsorved there. 

P 2 *= atmospheric pressure at tho bottom ; /7 s * unknown height. 
t x ° and f 2 °® temperature^ of the air at the top and at the bottom 
respectively. 


Mean temperature t 


ti + t* 

2 ’ 


Mean pressure P 


Pi+P 2 
2 


If V 0 be the volume at N. T. P. corresponding to II c.c. of air at 
pressure P and temperature t , we have 

PH ^ 76 x F 0 . PH 273 

273 +'*“ 273 ’ ” * 278 + * 76 ’ 


The weight ofjtliis air 


PIT 
273 + t 


112 _ 

76 


x 0001293x981, 


since tho density of air at N. T, P. “ 0'001293 gm. per c.c. 
Again, the weight of the air column -’(P, - Pj) x 136x 981, 
since 1 c.c. of mercury woighs 13'G gms. 


i 


. PH 273 
** 273 '+ 1 76 

(P - 

Hence H m ' — ®~ 


x 0 001293 x 081 » (P* - Pi) * 13*6 x 981 ; 

Pj) x_13’6 x (273 + 1) x 76 
Px 278X0*001 293 , ’ 
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The result obtained is, however, approximately correct as the 
assumptions are only approximately true. 


Questions. 

Art. 60. 

1. Why would the height of water in a vessel containing ice cold water 
and a lump of ice floating on it be unaffected when the ice melts ? 

(C tJ 1988) 

9. A piece of ice is placed in a beaker Water lb then pouied into the 
beaker until it i& on the point of overflowing Will the water overflow when 
the iee melts ? What differences will be observed in the experiment, (l)if 
hot water be used, (21 if water at 4°C he used 9 (Pat 1922) 

[Hints.— (1) Inthisose th( 'volume of ue diminishes ns it me Its hr well 
AS the volume of hot wab r d mum she s ir its it mpe raturc 1 ilk, so wate r will 
not over flow (2) In this iase, when the piece cf ue molt 6 * the watci loimed 
oat of it Alls up the spait previously oc cupu d by 4 hi pn lion ol it c under 
water, but at this reduces the tc mpe ratine of witer in the beaker, which ha«t 
got the least volume at 4°C , the volume of wikr will mere use a little and the 
water will overflow ] 

Art. 62 . 

8. Explain the phenomenon of ltgeUtion \nd describe experiments to 
illustrate it (C TJ 1940) 

It is found that a coppei wire with a hea\ y weight at c u h tnd will cut its 
Way through a block of ice, but a piece of twine will not Ixplaxnthese 
results. 

4 What is the eflect of pressuic upon the melting point > In what way, 
if at all, does it differ in the case ot paraflm and of iee ? 1 \plum the pheno 

menon of regelation (Pdt 1919 , < U 40) 

Art. 67. 

5. Explain the meaning of e\ ipontion and ebullition Describe suitable 
experiments to illustrate then meaning 4 (C U 1914) 

Art. 68- 

8. What is the cause of the cooling f fleet produced in a room when grass 
{Khan Khae) screen moistened with watni is p iced in front Vf the dooi 9 

(C U 1911), 

* v 

7. A glass bottle and a jug of pmous eaithcnwue aie both filled with 
water and exposed to air side by side Wh it difference do w$ notice between, 
the temperature of the water m the two vessels after a few hours? Explain 
tyhy this happens If there is very little or no difference of temperature, 
Mha& oo&otusion may we draw as to the state of the atmosphere and why ? 

(C* TJ. 1936 ; Of. Pat. 1W6) 
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[Hints.— In the glass vessel evapoiatiou takes place only over the small 
surface exposed to the outside air fchiough the neck of the bottle, while in the 
other case evaporation takes place through the pores of the whole vessel, hence 
there is greater fall of temperatuie 

Theic is no ev after ition as the itm sphere is situiated with water vapour. 
Hence there is no difference of temperature ] 

Are. 69 

8 Hxpl mi the construction and at fcion ot some kind of piactical freezing 

machine that dots not it quite the frtt/mg mixture (Pat 1981) 

Art 70 

9 Distinguish < uctullv Ixtwttu sutm ited and imsatur ited vapours 

(C U 1929 41 45, Cf Pat 1921, 41) 

10 How w mid >ou hud out whether i space is situiated or not 9 

(( l T 1929, 82 , Put 1981 , Dac 1981) 

11 Whit is me mi b\ maximum \apoin pussme ol watei vapour 7 
Describe in c xpcinnuit to di teiiuuu it tiom the laboratory temperature up 
to 10 ) ( l 'see ffls > Art 72) (C U 1921 (f 16 17, 24 94 Cf Dac 1981) 

Art 71 

12 Two barometers stmd sidi b\ suit A few drops of w iter are introduced 

into the vacuum of one md i littli m into the othei Whit would be the effects 
on the cirois of the buomctci rcidings thus produced foi (<r) a change in the 
itn rspheric pressme (b) i change m the tempeiaLure (C U 1909) 

Arts 71 & 72 

18 Wh it is tht satui i ted \ap nu piessure ? Undei what conditions is a 
vapour ablt to cm it such piessuic 5 Whit happens when imsa*urated vapour 
is compressed till further compression is impossible 4 > 

If watei boils t 99°C , when tht pussuic is 73 5 mm , what is tb* satuiated 
pleasure at 101 V > Lxplun hricffv (Pat 1929) 

1 m [760 + (W>0 -788) = 787 mm j 

14 Distinguish between siturated and unsaturated vapour and discuss 
their behaviom is legal ds ch urges contemplited by Davit s and Charles Jaws. 

(Pat 1931, ’42) 

Art 73 

15 Fxplam holy tht ni ixunuui tension of ujucous vapour is determined 

at temperatures below md above tht normal boiling point (C U 1932) 

it* [For determining* the maximum t( lision ol aqueous vapour from 0°C to 
*50°0 , see Art 73 (rig 41), and fiom 50°C upwards set Art 78, Fig 45] 

16. Water is sprml led in a room coutammg a buometei State how wiQ 
the barometer be affected under the following conditions — 

* {a) The doors ^>nd windows are closed and the room is gradually boated* 

(b) T)>e room is bested but with doorS and wmdows opem , {?at i 
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: ■ 17. Into a cylinder exhausted of air and provided with a piston, there 'f& ‘ 

introduced just enough water to saturate the space at 20°C. Describe whath; 
happens under the following conditions : — f , ' 

(<t) The volume of the space is increased by pulling up the piston. 

(b) The volumcas diminished by pushing the piston down. ' 

' (c) The volume remaining as at first, the temperature is increased to 5Q°C. 

’•■VviW) The temperature falls to 10°0. \C. U. 1910, *23, ’24^ 

Art. 75. 

18. 50 c.c. of a gas are collected in an inverted tube over water. The 
height of the barometer is 77 cm., the temperature of the room is 17°C. and the 
prater level inside the tube is 7 ‘6 cm. above that outside. What is the volume of 
the dry gas at 0°C. and at 76 cm. pressure. The maximum pressure of aqueous 
vapour at 17°C. is 14*4 mm. 

[Am : 46*5 c.c.] 

19. Enunciate Dalton’s laws of partial pressure. (All. 1920 jt-Pat. 1926, ’40) 

20. A mass of air is saturated with water vapour at 100°C. On raising 
the temperature to 200°C. without change in volume, the mixture exerts a 
pressure of 2 atmospheres. What was the pressure due to air alone in the 
initial condition ? 

[Ans : 438*6 mm.] (Pat. 1 938) 

Art. 76 

21. Distinguish carefully between a gas and a vapour. 

(Pat. 1926. ’44 ; C. U. 1927) 

Art. 77. 


■ 22. Describe an experiment to show that the vapour pressure of a liquid 

exposed to air at its boiling point is equal to the atmospheric pressure. 

; (0. U. 1915 ; Pat. 1915, ’24, ’2G, ’31) 

23. Distinguish between boiling and evaporation. What conditions deter- 
mine whether a liquid will boil or evaporate. 

\ * (See Art. 67) (C. U. 1914, ’25, ’41 ; Pat. 1928, ’41, ’44 ; Cf. Dac. ’31) 

[Hints.— -A liquid evaporates as long as the vapour pressure at the tempera* 
■ffifyre of the liquid is less than the atmospheric pressure, and it boils when these 
Hwo pressures are equal.] 

; T '\ 24- Explain how a knowledge of the boiling point of water would enable . . 

‘?ypU to determine the barometric pressure. 

* Into the Toricellian vacuum of a barometer, water is introduced drop ;jby, 
drop till some water is left over. From tlu; depression of the mercury column 
possible to determine the temperature of the room. How ? (C.U. 1918, ’20)* 

liquid boils when its vapour pressure is equal 'to the super in*:";’ 

pbint 



psissaM from Regnauli’s table which will be the same as the barom^sri^ 
I ^ 
4 Prom the depression of the mercury column the maximum vapour pressure 
at room temperature is known. Now, by consulting Regnault's table, the 
temperature corresponding to this vapour pressure is known, which is the, , 
same as the temperature of the room] . 

Art. 78. 

25. Why does it take a longer time to cook food on the top of high 
mountains ? At Darjeeling the barometric height is found to be almost 28* 
only* At what temperature will you expect water to boil there ? (Pat. 1919) 

[Hint*.— There is a change of 0*04°C. in the boiling-point for a change of 1 
mm. (or 0*04 inch) in pressure]. 

U ns: 93°]. 

26. Define boiling-point of a liquid. Describe suitable experiments to 

show that water can be mule to boil at temperatures greater or less than 
100°C.. (See Art. 77.) (C. U. 1930, ’41 ; Dac. 1982) 

Art. 82. 

27. Heat is continuously applied to a mass of ice at — 10°C. until it 
becomes steam at 100°C. If the temperature is taken at intervals of time and 
a gmph is plotted of the temperature against the time, what would be the 
shape of the curve obtained ? Give reasons for this. (Pat. 1935 ; C.U. ’22) 

Art. 83. 

28. Explain how you are able to determine (approximately) the height of 
a mountain by finding the boiling-points of water at its top and bottom. 

(0. U. 1914, ’24. ’25, ’28, ’45 ; Of. Pat. 1928, *31 ? '48) 


CHAPTER VIII 


Hygrometry 

84. Hygrometry. — Aqueous vapour, more or less, is alvriatyj^ 
'present in the atmosphere as evaporation is constantly going an 
..the surfaces of water such as seas, rivers, lakes, etc. llygwilM^ry: ^ 
that part of Physics which deals with the measurement of the’ a maiM# 
of aqueous vapour present in a given volume of air. The formation;/ 
cloudj dew/tnist, fqg, etc., proves that water vapour is present in 'the- 
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' On a warm, damp day the outside of a tumbler of cold water tocW/* 
becomes covered with dew due to the condensation of water vapour , 
from the air. 

It has also been observed that on a cold night water vapour 
CO&denees on the inside of the glass panes of a sitting room window. 
The room receives much water vapour from the breathing of the 
persons in it, but this vapour cannot saturate the warm air of the 
room. The glass of the window being thin is cooled to a lower 
temperature by the cold air outside. The air in contact with the glass 
is cooled to a lower temperature when it becomes saturated with water 
vapour which is condensed on the glass. 


85. Dew point and Relative Humidity. — Ordinarily the quantity 
of water vapour present in the atmosphere i6 not sufficient to produce 
saturation, and so the pressure exerted by the vapour is less than the 
saturation pressure at the existing temperature ; but the same quantity 
of vapour may be sufficient to produce saturation at a lower tempera- 
ture. So, if the air be gradually and progressively cooled down, the 
pressure of the aqueous vapour remains constant, hut a temperature is 
soon reached at which the quantity of vapour actually present is suffi- 
cient to saturate the air, and so the pressure of this aqueous vapour 
now becomes ijhe saturation pressure for this lower temperature. This 
temperature is called the dew-point , for below this if the. temperature 
is lowered, some of the vapour is condensed as dew. So, the Dew- 
point may be defined as a temperature at which the amount of water 
vapour actually present in the air saturates it. 


Hence the (saturation) vapour pressure of water at the dew-point 
, is a measure of the amount of water vapour present in the air ; which 
/ again is proportional to the pressure exerted by the water vapour in 
the air under the initial conditions. Therefore, if we < know the dew- 
, point we can know the pressure exerted by the actual amount of water 
^Vapour in the air. 

Hence the dew-point may also he defined as the. temperature for 
Which the saturation vapour pressure corresponds to the pressure of water 
vapour actually present in a given volume of air under given conditions 


Relative Humidity. — For meteorological work, the degree of satura - 
\ti<W Of the atmosphere is more important than the actual amount 
water vapour in the air. This is known as the Relative Humidity 
.,yor the Hygrometric State of the Air. This may be defined as — 

The mass of water vapoui^n dually present in anv volume of air at ^ 

■if; ^he mass of water vapour necessary to saturate the saint* vol_. aW°C. *** , . 


I eo long as the water , vapour is unsaturatpd and -so i 



Boyle's Law, the mass of water vapour existing in a given volume ft ! 
-air to, proportional to the pressure exerted by the vapour, which, ageing 
i$ equal to the saturation vapour pressure at the dew-point. That the 
mass of water ir\ a given volume of air is nearly proportional to the 
pressure it exerts will be clear by consulting the table given on p. 289, 
where m represents the mass of water vapour necessary to saturate i 
cubic metre of air at the temperatures shown, and p, the saturation 
pressure of water vapour at that, temperature. 

Hence, Relative Humidity 

^ Pressure of water vapour actually present in t he a ir a t t° 0 . ^ 

Pressure of water vapour necessary to saturate the air at t°C» 

_ Saturation vapour pressure at the dew-point^ . 

Saturation vapour pressure at the temperature (/°0.) of the air ' 

Relative Humidity is generally expressed as the percentage satura- 
tion of the •air, and it is calculated by applying either (l) or (3) 
above as. — 


Relative Humidity 


^ Mass of water vapour actually present in any vol. ofjiir at / 0 C. x 100 
Mass of water vapour necessary to saturate the same volume at t° C. P 
__ Saturation vapour pres sure at dew-poin t x 100 ^ ^ ^ 

Saturation vapour pressure at air temperature (/°C.) ^ 1 Cen 

• Absolute Humidity is defined as the mass of water vapour actually 
present in a given volume of air. This is generally expressed as the 
mass in grams per cubic metre of air. 


Example. — On certain day the dew-point was found to be token the 

temperature of the air was JtfC. Calculate the relative humidity of the air. • 


By consulting the table of vapour pressure it will be seen that 
aqueous vapour pressure at 12°C.- 10751 mm., and at l6°C.*»13’62 mm. 


Relat i ve humid tty : 


10 51 n ,__ rn , 

* .. 0 77 or 77 per cent. 

1 ii t>2 


pH 


88. Dryness and Dampness. - Our sensations of dryness or dcmp~ 
'nc&s do not depend only on the actual quantity of water vapour , but eft 
the quantity of vapour necessary to saturate the air at that temperature 
land it is on the ratio of the above two quantities, i.e. on the relative 
humditpi that our sensations of dryness or dampness chiefly, depends. 

'M.& epld misty day in winter, when the 
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be quite \jamp\ the actual amount of water vapour in a given Volume 
erf air is frequently less than that on a hot day m Bummer, when we 
say that the air is ‘dry* The dampness or dryness of the air is 
judged by the late at which evaporation goes on, and which depends 
upon hov' frn the air is f ? om the saturation state , i e how much more 
vapour it can take up, and does not depend chiefly upon how much 
water vapour the air already contains 

Such things as wet clothes will bo dncd moie quickly when the 
relative humidity of the atmosphere is low, because in such cases the 
atmosphere can riadily take up more water vapour Again, the 
evaporation of moistuie from such things as wet clothes will bo moie 
rapid if the air m contact with them is constantly being renewed 

The ventilation cf buildings is necessary for two re isons to 
remove the carbon dioxide exhaled by us and also to iemo\o t lie watei 
vapour evapoiated from oui lungs and bodies t 

Our bodies are constantly emitting watei vapoui, which is \ci,y 
important fiom the standpoint of health We know how difficult it is 
to work m a stuffy room This is because the ur in tho room cent tins 
a lot of water vapour, that is, the air is neaily saturitul with 
moisture due to which noin al evaporation from our skill cannot go on, 
and this produces a feeling of uneasiness 

This is paiticularly tho case when the tcmpei iture of the atmos 
phere is high, as the feeling of easiness dept nds upon evaporation 
from the body so that its temperature may not use ibo/o the normal 
value Hence the weather m India near shout Bengal during the wet 
season is more oppiessivo thin tint in othei pirts wheio the tempera- 
tures are 10° to 20°P higher and the atmospheie is difei 

If the relative hum iditv ol an is al out 100 poi aril, we per^pne 
fUd the weather feels sultij and oppressive 

Relative humidity is determined Mgulai.lv it moteoiological sta- 
iions, because it afToid^ information as to the likelihood ol ram We 
ean expect ram when an contains a consideiahle unount of water 
Vapour, This damp an is liqhtci than <ln/ an , bee n so wiUr vapour 
i$ lighter than au H he density of uaUi xapour rdatioe to dnj air 

**W. 

The record of the relative humidity is useful to the Public Health 
'^Mrttnent as certain diseases thrive in damp atmosphere It is also 
*ndwtu*fi , for example, cotton weaving jmh| 



spinning can be conducted satisfactorily only when the air iB c<rapar*?, ; 
tively damp. For this reason the damp climate of Lancashire baa ' 
been found suitable for the development of cotton industry. 

8?* Hygrometers.— Hygrometers (6k. hygrcs , wet + metron, a’ j 
measure) are instruments used for the determination of the hygromeirih 
state of air, at any place and time. 

The instruments by which this is done can be divided into three 
glasses : — 

(a) DanielVs Hygrometer 


(l) I)eiv-poini Hygrometers 


t (b) liegnault's Hygrometer. 



(2) Wet and Dry Bulb Hygrometer , 

(3) Chemical Hygrometer, 

88. (1) Dew-point Hygrometers : — 

(a) Daniell’s Hygrometer.— \t (Fig 47) con- 
sists of two # bulbs A and B bent downwards 
connected by means of a wide tube. One of the 
bulbs A contains ether, and the other bulb B 
with the tube connected to it is full of ether 
vapour, the air having been expelled before the 
apparatus was sealed up. There is a delicate 
thermometer t inside the bulb A containing ether. 

The bulb is silvered, or gilt within, whilo the other 
is covered with muslin. Another thermometer T 
attached to t h e stem C indicates the temperature 
of the air. 

To determine the dew-point, some ether is 
poured on the muslin which on evaporating cools the 

bulb and condenses a portiou of the ether vapour inside. The pressure > 
inside being thus reduced, ether from the other bulb A evaporates, 
so it becomes colder. Tim temperature is reduced until doW- point 
reached. The temperature of the thermometer inside the bulb is dotted,* 
as soon as tho first film of dew appears on the silvered surface. Tbfe 
cooling process is discontinued by allowing the muslin to dry up 
again the temperature is noted when the film just disappears. Tb#| 
mean of these two temperatures is the dew-point. : 

Sources of Error. —This form of hygrometer is rather defective' J 
. the fallowing reasons: — u) -Ether evaporating outside B contamin«j 
the air and this affects the hygrometrie state of the , air. (n)’. 
rather difficult to observe the exact moment of appearance^ 
of dew as there is no comparison standard (see 
the bulb A, ether evaporates 

'aV 1 'to- J* If ■ . „ .. •* ’ . * * I 1 .. ' ■" tf'Vj 


Fig. 47 — Danieirs 
Hygrometer* 





surface of the liquid* which is thus cooled more rapidly than the 
interior and thus the aetuaL dew- point is not observed. ( iv ) Because 
glass , is a bad conductor, temperature outside A is not the same 'a* 
that inside. , 

• Precaution : — With any hygrometer, observation ought to be taken 
either (a) by a telescope, or (b) by placing a piece of glass between the 
observer and the apparatus, so that the result may not be affected by 
the heat from the body or breath. 

(6) Regnault’s Hygrometer. — This is a bettor form of hygrometer. 
This consists of a test tube having a side tube (Fig. 48), the lower 
part E of the test tube being made of silver. The mouth of the tube is- 
closed by a cork through which passes a delicate thermometer T. 
A glass tube A also passes down through the cork nearly to the bottom 
of the tube. 

To work the instrument, some ether is placed in the test tube. 
The side tube is connected to a vertical brass tube, which again is 

connected to the rubber tube G with . 
an aspirator. The vertical brass 
tube is supported in a clamp. 
A second glass tube similar 
to the first, fitted with a thermo- 
meter t inside it, is also attached to 
the same support. By opening the 
aspirator, which is full of water in 
the beginning, a current of air is 
drawn through the- tube E % which 
causes rapid evapmation and suffi-' 
eient fall of temperature to condense 
water vapour on the outside of the 
silver tube F. Thq temperature is 
noted and the aspirator is shut off 



>V!Fig. 48. — ltegnanlt’s Hygrometer, when dew is first observed. The 
;V temperature is again noted as soon 

the dew disappears. The mean of these two temperatures is the 
dew-point. The aspirator must not be placed too close to the hygro- 
®a©ter, for the water released from the aspirator rnav then alter the 
humidify of the space around. The other tube is not an essential part 
;jofj the , instrument, and serves only as a standard of comparison of 
brightness of the two silver surfaces E and F. The thermometer t 


hteide the other tube gives the temperature of the air. The relative 
|^t»idity. is then given by, . 


s-jjBeL Humidity 4 


Saturation Wapour press, at the d ew-point ■■ 

press. at the tem.-^O) c 



Advantages of Regnault’s Hygrometer.— 

(t) . By regulating the flow of water of the aspirator the rate o$^ 
evaporation of ether in the tube can he better controlled than in the ^ 
Danielles Hygroipeter. 

(ii) Silver being a very good conductor of heat, the temperature L , 
of the ether, indicated by the thermometer, is practically the same as 
that of the silver surface which is in direct contact with the ether 
and the atmosphere. 

{Hi) The presence of the dummy tube facilitates the observation 
of the appearance and disappearance of dew on comparing tho bright- 
ness of the two silver surfaces. 

(iv) The continuous agitation of ether by the bubling of air 
through i’t keeps the temperature uniform throughout its mass. 

( v ) Observations being taken from a distance by a telescope, 
the result is not affected by breath or heat from the body. 

(2) Wet and Dry Bulb Hygrometer ( Mason's Hygrometer or' 
Psychrometer) - — The humidity of the atmosphere can also be judged by 
observing the rate of evaporation. When the 
atmosphere is dry, evaporation goes on more 
rapidly than when it is nearly saturated. 

Wet and dry bulb hygrometer is a reliable 
apparatus which docs not depend on a determina- 
tion of the dew-pomi. It consists of two mercury 
thermometers, placed side by side, the bulb of 
one of which is covered with muslin, which is 
always kept rnowfc by dipping its free end into 
’water contained in a small vessel (Fig. *19). 

The continuous evaporation from the wet 
bulb keeps its temperature always lower 
than the otbei* thermometer which is quite 
dry. The difference between the two tem- 
peratures indicates the humidity condition 
of the air. The less saturated — i.e. the drier tho 
air, the quicker is the evaporation and the 
.more rapid is the cooling; so the difference 
between the readings of the two thermometers 
will be great and hence the dew-point is low . 

When the difference is small, it indicates that 
. evaporation from that wet bulb is very slow, 

. and this is due to the presence of considerable 
water vapour ifi the air, hence the dew ~ point is 
■high. If the air is already saturated, no evaporation will take , 

‘ ll. A. — — . It . ' 



Fig. 49.— Dry and Wefe 1 
bulb thermometer#,. 
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' The dew-point and relative humidity can be found by meang of ft 
table as givon below : 


<°c. 

0 

1 * 

2 

3 

4 


6 

- — - - 

- 

~~ 

- 



* 

- 

19 

0*2 

8*1 

7 0 

6*0 

5*0 

*•0 

:ri 

11 

O'* 

8*7 

7*6 

6*5 

r>r, 

i - 5 

3*5 

12 

10*5 

o*3 

8*2 

7*3 

«•(> 

6*0 

4*0 

18 

n*2 

10*0 

8*0 

7-6 

6*5 

5*5 

4*6 

14 

iro 

10*7 

9'4 

tn \ 

| 7*1 

j 6*1 

l 5*0 

15 

12*7 

1 1 *4 

1 10'1 

(V0 

7*8 

6*6 

6*6 

16 

13*6 

12*2 

10*9 

(V7 

84 

1 7*3 

6*0 

17 

14*4 

1 .TO 

11*7 

in-i 

9*1 

8*0 

0*7 

18 

16*4 

10*0 

12*6 

11‘2 

0*9 

8*0 

7*5 

imm 

16*3 

14*0 

1 35 4 

12-0 

107 

9 4 

81 

J 20 

17*4 

15*9 

14*5 

i 

12-(» 

13*5 

30*2 

% 

| ,8*8 

1 


The first column (t°G.) gives the temperature of the dry bulb 
thermometer, and the second column the corresponding vapour pressure 
of water in millirneires The numbers 1, 2, 3, etc , at the top of the 
other columns indicate the diffeienro of temperatures in degrees 
Centigrade between <fche dry and wet bulb thermometer. This will be 
clear from the example given bolow. 

Formula. — The relative humidity and dew-point can also bo 
calculated by determining the pressure f (in mm ) of aqueous vapour 
from tho following formula / — F — 0 00077 h - i') * IT , whore t is the 
reading of the dry bulb and l 9 that ol tlm wot. bulb thermometer on tho 
Centigrade scale, h\ the saturation pressure of aqueous vapour at t ° C , 
and H the atmospheric pressure (in mm.) * 

The dew-point cm also he dot wmined from tho Glaisher’s formula. 
If t 0 09 dew-point, then t-t = V t - t’\ where F is the Glaishor's 
factor. 


Tho leadwrf of tht (h if ? nil Ihnronrfet 7 b°C., and ih%t of the 

400t bulb lo*C Find the lelnhne bnmnhtn of the av, and tho due )mnt 

The difference in dr\ and wet. bulb temper ituros— 18- 10 — 2°(\ 

In the first column we find 1H°C. md on tho same lo\ el m the second 
Wpltimn we find 15*4. Then 15*4 mm. is tho \npoui pressure at lHT. Now at 
■ the name level in column headed **2” — the difference of the two temperatures* 
jjpjto find 12*5. Then 12*6 mm. is the vapour pressure at the dew-point* 

l the relative humidity » « 0*80 or 80 per cent. 




Hi 

, The dew-point is the temperature at which 12 ’5 is the saturation vapoii^' 
pressure. From the second column we find that 12’7 mm. is th^ vapoury 
present at 15°G. and ll'O mm. ufe 14r°0. So the dew-point is a little beloW f 
J2'7°C. We observe from the table that there is a change of 0*8 mm. in the 
vapour, pressure for«a change of 1°C. in temperature from 14° to 15° ; so for an * 
increase of (12*5— U’9) mm. in vapour pressure, the change in temperature 
-<0*6)/0'8~ 0*75^0. 

The actual dew-point is (14 + 0*75) = 14'75°C. 

(3) Chemical (or Absorption) Hygrometer,— The mass of 
water vapour present in a given volume of air can bo measured directly 
in the following manner : — 

The apparatus consists of an aspirator A (fig. 50) filled up with 
water and provided at the bottom with an outlet tap. It is connected 
with a bottle B , called 
the trap bottle contain- 
ing cone. H 2 S 04 which 
is connected succes- 
sively to the drying 
U-tubes G and I) filled 
with dry phosphorous 
pent oxide or anhydrous 
calcium chloride. The 
thermometer placed 
near the open end of 
the tube* V registers Fig. 50 

the temp, of the air. In an exp t., the tubes 0 and D are detached 
and weighed (W A ). Water is then allowed to run out from the aspira- 
tor by opening the exit tap whereon a slow current of air is drawn 
into the aspirator. When a considerable amount of wafcer^has passed 
out, the tap is closed and the water level in the aspirator marked. Tj*6 
tubes C and D are taken out aud weighed again (W 3 ). The difference ' 
in the two win. gives the quantity of moisture absorbed from the air 
at a certain temperature. In the second part of the oxpfc., a tub® 
charged with pumice stone soaked in water is then connected to tfap. 
tub e D. The aspirator is again filled up with water uplo the San$r/ 
level as in the beginning of the first expt.. the tap opened and watfe^; 
* allowed to come out till its level again fails as before. In this 
| the same voluino of air saturated with water vapour is sucked in, , 
The* wt. of the tubes C and D is again taken (W s ). The differempe^ 

' between the second and the third weights gives the mass of an equal] 
voiurne of saturated air at the same temperature . Then relative humidity, 

W»~W X . / 

mm 

.. r*k?MS:A 





vmfovmu*m wmos 


ExiWplM — A cubic mitre of air at 80° C of which the relative humidity ti O'Bu 
moled to 3rG* JPmd the quantity of vapour which will he condensed into water* The 
maximum pressure of aqueous vapour at SO°C ® 77 6 nun and at 5 °C. *6 5 m 


Relative humidity ** 


Mh«s w of \apomjprpoflnt in 1 eu f m of nnr at 90°C 
maws of vapour necessary to saturate 1 cu m at *50 <\ 


08- 


m 


®X1223X 


316 27 3 ’ 
700 * -3(M 


whence m 


24 21 gm 


9. If ? 0() qms ofnatei ate collected to evapoiate in a room contatnmq >0 cubiL 
m etres of dm air at 30°( and 7(>() mm what v ill he the lelative humidity of the air 
*« the rocm 9 


If f be the pressure of the \apour fanned, wo ha\e (ser Ex 1) 


200- 50 X 


8 


X1293X 


f_ 27] 

760 * 27 3 +30 ’ 


4 17 mui The maximum 


pressure of iqutoub vapour 30°( is 31 6 nun 


II n 


4 17 
% 31 b 


0 13 


4 The tnuperatuie of the ait m a closed span is aborted to he 1 >°C and the 
dew point S°C If the tennmatun falls to UfC houn tilth dr w point be affected ? 
iPress, of aq vapoui w wins of nuremy at 7°( = 7 49 at s o>) 

(Pat 192*> 31 '10,41) 

If the volume of th( spate be reduced thin when the spice is satui ited 
with vapour so nit vapoui will be londinsod but the pussure will rtmnn tons 
tant, and if th< space b< not saturat< <1, thf n then- will be no condensation on 
reducing tht volume and pressure will bt meuastd instead of itmiiinmg 
constant 

Ah it is a closed spao (i c volume is constant) the piossuie is pioportional 
to the absolute tt mpei xturt 

Pi ess at JO ( (10+27)) 28 3 

Pi ess at l/>°( "(1^ + 273) "28b 

But the pressuit at 15°r —maximum pussure at 8 °C (the dewpoint) 

*•8*02 mm. 


pJtess it 10°( « 8 02 x - 7 88 mm (upprox ) 

„ Now, a temperature is to be found foi which 7 88 mm will bo the maxi 
mm pressure That tempt mturc will be the dew point corresponding to 
10 P C. From the data giv en at is seen that for a change of 1°C m temperature 
there IH a change of (8 02 - 7 49) ■ 0 58 mm m pressm e • 

^ Therefore, for (8*02 - 7 88) or 0 44 mm change in pressure, the change m 
approximately So* at 10°C the dew point is lowered by £°. , 
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, 89 of Aqueous Vapour. ( Mass of Moist is 

often required to find the mass of water vapour present in a given 
volume of moist air. Assuming that tne vapour obeys the gaseous laws 
and knowing that the density of water vapour compared with that of 
air is 5/8 (or 0 62) at the same temperature and pressure, the mass of a 
given volume of moist air can be calculated as follows — 

Suppose we want to find the mass of 1 litre of moist air at t° C. 
when the height of the biroineter is P mm. and the vapour pressure 
obtained from dew-point observation is / mm. According to Dalton’s 
Laws the pressure of the air alone is (P-f) mm. The volume of 1 
litre reduced to N. T. P. becomes, 


F=lx 


273 (P-f) 

27 i + t X 760 


litre 


The mass of 1 litre of air at N T P. is 1 293 gm. 

Mass (wj of V litie of an at N T P I which is the same as 1 

273 P-f 

litre at t° C and ( P -f) mm ! = 1 293 x ^ + 1 x ^ gm. 


\gain, the pressure of witor \apour is / mm , hence its mass 


{m 2 )~ 0*62 x 1*293 x 


273 f 
27 i + / * 760 


gm 


... ( 1 ) 


\ The mass of 1 litre o{ moist air “w, + m 2 


« 1*293 * 


27 ? 

27 i + < * 


(P-/i 

760 


+ 0 62x 1 203 x 


273 f 
273 + J * 760 gm " 


- 3 ‘293 x 


2"3 /P-/+0 IP/ 
273 + A 760 


gm. 


1'203 x 


273 
273 + t 


X 


P - 0'38f 
760 


gm. 



Example. — Find the mass of a httc of vioist au nt J>*C, and 
leW'ftQint being 1 °C. Th* mieittum pt/ ss un of ayueo n> vapmr at lf(\ w 12*7 tnm. 

Tho whole gaseous mass m«> be dwidcil into two portions,-— one litre 
dry afr at 82°C. and <7$B 2—12 7) mm or 745 5 mm , and one litre of wateff 
vapour at 32°0. ^nd 12 7 mm. (Daltou’s I .aw). 1 litoe of dry air at 82°0., 

273 745-5 

r and 745*5 mm. reduced to N.T.P. becomes “lx ^ X litre# 
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273 745*5 * 

The mass of this air ■» 3*203 x - x ■*= 1*1352 gm. since 1 litre of dry* 

iK/O ( (JO 

air weighs 1*203 gnu 

5 27 .) 12’7 

The mass of aqueous \upom"* ' xl*293x x 0*0121 gm. 

H » U ) I Dll 

The mass of 1 Jitre of moist an « 1*1352 + 0 0121 * 1*1473 gm. 

90* Condensation of Aqueous Vapour — Tt is known that the 
condensation of aqueous vapour gives rise to the formation oi dew, fog, 
cloud, ram, hail, &now, and hoar lrost 

Cloud. — Cloud is formed when large masses of warm air ri^e high 
up in the an and become cooled either l>\ connng m eont.ie* with cold 
air above or by the lowering of pressure «n the upper icgions due to 
expansion. Clouds are nothing hut minute drops ol wator foimed by 
the water vapour being condensed on Uniting dust pn tides. 

Mist. When the temperature of the .111 falls below the dew point, 
condensation takes place tlnoughoul the large mass ol air on suspended 
particles of hygroscopic dust oi other hygioscopic nuclei, such as 
sea-salt or molecules of sulphur dioxide, giving nso to mist 

Dew. — During the day the air m contact with the objects which 
are heated by direct radiation, contain^ a laige amount ol water vapour 
Which remains unsaturatod due to h\g i tomperatuio. During the 
night cooling tak* s place ami object 1 , which r whale thoir heat vorv 
rapidly, cool below the tomperatme ol tho sut founding air and in 
consequence, the air in contact with them boromos saturaud with the 
Vapour it contains. With fuither cooling a portion ol the vapour is 
deposited as dew on tho snriacos of the col l holies. Plants are good 
radiators ol heat , so dew is deposit rd copiously on leivos and grasses. 
The earth is a good radiator, but wator is not 

The conditions favouring tho foimation ol ilo\\ au* (l) a cleai sky 
for free radiation, (u) absent* of mnl m oydci that air in contact 
with any object may remain theio to be cooled below the dew point 
(iii) a good t ad mt my sutfarr which should not be in good thermal 
contact with othci bodies 

Fog is a dono mist or cloud, w'hicb is often dispersed by tlie sun. 
The hygroscopic dust pu tides m tho air sor\o as nuclei for the iorma 
tion of fog. In largo tow uh, having main cbiranOys, tho dense fogs 
arc dtfe to the condone \i ion of moisture on soot and other dust* 
, particles. 

^ Rate*— -When several tiny globules ol water coalesce they form a 
#rpp and fail as rain. 
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Rain-gauge. — It is an instrument to measure the amount of rain- 
fall in a locality. The instrument in common use is known as ‘ Symons 
Ilain-gatige' , which consists of a funnel provided with a 
circular brass riip having a diameter of five inches. It is 
fitted to a collecting vessel, which is generally a bottle 
placed within a metal cylinder (Fig. 51). The funnel F is 
kept one foot above the ground. The rain passing through 
the funnel collects into the bottle and the quantity collect- 
ed in a certain period is measured by a glass cylinder 
graduated to hundredths of an inch. The rainfall of a place 
is expressed in inches per annum. An inch of rainfall 
means that the amount of water collected would fill to the 
depth of one inch a cylinder with its base equal to the rim 
of the funnel. 

Here in India we have the greatest amount of rainfall Kain £ ftU?e - 
in Cherapunji. The avorago value of annual rainfall in Bengal is 75 
inches, in Befiar and Orissa 52 inches, in Bombay 45 inches, and in 
Chora punji 100 inches. 

Snow. — When condensation of water-vapour takes place at a tem- 
perature below 0°C. it is directly frozen as crystals of snow. 

Questions 

An. 84. 

1. Why does a glass tumbler ‘cloud over’ on the outside when ‘ice-cold* 
water is poured into it ? (C. U. 1930 ; Dae. ’29) 

Art. 85. 

' 2. Explain the formation of (lew. Show that the pressure of unsaturated 

■sapouv in a room is equal to the saturation pressure at dew-point. 

Define Relative Humidity. On what factors does it depend ? Obtain an 
expression for its termination. (Pat. 1932 ; All. ’45) 

Art. 86 

3. (a) Define ‘’relative humidity*’. Does our opinion of dampness -or 

dryness depend upon the absolute quantity of water vapour present ? 
Explain your answer fully. Dcsciibc Darnell's Hygrometer and explain how 
.it is used to determine relative humidity. (See Art. 88). (All, 1922) 

(b) Wet clothes are usually seen to dry sooner in the cold weather than 
in the rainy season, though the temperature in the latter case is higher.” 
Explain. (All. 1945) 

. Art. 88 

4. Define humidity and describe two different methods of determining it in 

the laboratory. What result would you expect to get on a very wet day in the 
rainy season V (Pat. 1981, ’27 ; cf. C. U. *87) 

6. Describe an experiment to determine the dew-point. (C, U. 1944 

»■: 
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Calculate the dew-point when the air is § saturated with water vapour, the 
the temperature being 15°C., given that for the pressures of 7, 9, 11, 13 mm. 
of mercury, the corresponding boiling points of water are 6°, 10°, 13°, and 15°C. 
respectively. (Pat. 1935, ’37) 

[Ans: 9'4°C.] 

6. Describe a dew-point hygrometer and explain its action. What use is 

made of this instrument in weather forecasting ? (C. U. 1933) 

[Hints. —If the difference between the room temperature and the dew-point 
is very small, it indicates a moist weather, and if there is much difference 
between the two temperatures, it indicates a dry, i.e. good weather.] 

7. Calculate the temperature at which dew will be deposited when the 
hygrometric state of the air at 20°C. is 53 per cent. 

[Ans : 10°C.] 

8. Define dew-point and describe an accurate method of finding it. Why 
is dew more copious on some bodies than on others ? 

[See Art. 90) (All. 1917, ’26 ; Pat. ’45 ; cf. C. U. ’37) 

Art. 89. 

9. Calculate the mass of 7*5 litres of moist air at 27°C., given that the dew- 

point is 15°C. and the barometric height 76275 mm. Calculate also the 
humidity. of the air. Vapour pressure of water at 27°C. and 15°C.« S 25’5 mm. 
and 1275 mm. respectively. (Bombay Univ.) 

[Ana : 8*923 gms. ; 0*5] 

10. Knowing the dew-point how would you determine the amount of 

aqueous vapour present in the atmosphere ? * (All. 1919) 

11. What is meant by Relative humidity ? Explain how the determina- 

tion of the dew-point enables you to calculate the relative humidity of -a 
particular place. (All. 1946) 

Art. 90. 

12. Cloudless nights are better for the formation of dew than cloudy 

ones. Explain. f (Dae. 1929) 


CHAPTER VIII 

Transmission of Heat 

91. Modes of Transmission. — There are three different modes 
of tranmission of heat : — 

(1) Conduction.— In conduction heat passes along a substance 
from the hotter to the colder parts, or from a hotter body to a colder 
one in contact, without any transference of material particles. 

Solids are heated by conduction. 
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(2) Convection. — In convection heat is transferred from one part 
of the body to another by the bodily movement of the hot particles. 

Liquids and gases are heated by convection . 

(3) Radiation. “In radiation heat is conveyed from one body to 
another, entirely separated from it, without heating the intervening 
medium which may be material or vacuous. 

The heat of the sun is received on the earth* s surface by radiation . 

92. Conduction — When one end of a body is heated, the 
molecules there vibrate vigorously, and this increased agitation (i.e. the 
increased heat energy) is passed on by collision from particle to parti- 
cle. Some substances conduct heat better than others. Metals are 
generally good conductors, while substances like glass, cloth, paper, 
wood, felt, ety., are all bad conductors of heat. Air and other gases 
are bad conductors of heat. 

Good and bad Conductors. (Experiments).— (1) Prepare a small 
vessel of thin paper. PI ice a piece of copper wire-gauze on tripod 
stand and then place the paper vessel on it. Now carefully put some 
water into the vessel and heat the water gently from below tho wire- 
gauze. After sometime the water will begin to boil. As the paper 
is very thin , the heat is conducted rapidly through the paper to the 
water and so the heat is not sufficient for the paper to be charred. 
The temperature of water does not rise above 100 U C. 

(2) Lower a piece of wire-gauze upon the flame of Bunsen % burner. 
The flame burns below tho gauze and does not pass through the meshes 
of the gauze (Fig.*52 a.). Now put out the 
gas, and holding the gauze about two 
inches above the top of the burner, turn 
the gas on. Light the gas above the flame. 

It burns, but the flame does not come 
down the gauze (fig. 52 b ). No combustible 
substance will burn, even in presence of 
air, unless it is raised to a certain tempera- 
' ture known as the ‘ temperature of ignition ’ 
of that particular substance. The reason 
why the flame does not pass through the 
meshes of the gauze is ihat the metal wires conduct away the heat so 
rapidly that the temperature of the gas near the flame does not rise 
high enough to be ignited. 



(«) (b) 

Fig. 52 
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(a) Davy’s Safety lamp (Fig. 53) used in mines is an example in 
which good conductivity of a metal has been utilised. It consists of an 
oil lamp, the flame of which is surrounded by a 
cylindrical wire-gauze of close mesh. Even if the 
lamp is surrounded by an explosive §as, the heat is 
conducted away so rapidly that it prevents any flame 
from passing from the inside to the outside, and, 
when brought in an atmosphere charged with an 
explosive gas, danger is indicated by the character 
of the flame. 

(b) Other illustrations. — The advantange of the 
conductivity of glass is taken when opening a glass 
stopper stuck tight in the neck of a bottle. If the neck 
of the bottle is gently and carefully heated, the neck 
expands before the stopper which thus becomes loose. 

Our feeling of warmth or cold % on touching 
different bodies depends to a great extent on con- 
ductivity. Thus, if we touch iron and flannel, both 
being placed in the same room, the temperature of 
which is below that of the hand, iron appears to the colder, because it 
rapidly conducts the heat from the hand, and flannel being a bad con- 
ductor conducts very little heat. If the temperature of iron and 
flannel be above that of the hand, as when kept in warm air (or rooms), 
iron appears to be warmer, because it rapidly gives out more heat to 
the hand than the flannel. 

This is the reason why a piece of metal appears hotter to the 
touch than a piece of wood when both have been lying long in the 
Bun ; and for the same reason a marble floor appears colder than .an 
ordinary cemented floor. 4 

(cf) Use of Bad Conductors. — In summer ice is packed in felt or 
saw-dust, which being bad conductors do not conduct heat to the ice 
Irpm outside. We use woollen dress in winter because it conducts very 
slowty the heat of our bodies to the outside air, and thus the feeling of 
warmth is maintained. Again, the handles of kettles and tea-pots are 
very often made of wood, or of vulcanite, in order that the heat from 
the hot water or tea may not pass through them as much as through a 
metal handle. Besides this it should be noted that •the very low con- 
ductivity of cotton, wool, felt, and other fabrics of open texture is'? 
largely due to the loio conductivity of air enclosed in the fabric. For 
this reason wool is preferred to cotton for preparing warm clothings 
. as the texture of wool is more loose and so it contains more air. It 
. should be noted that bad conductors not only keep in heat, but they 
also keep out heat. ' 



Fig. 53 — 
Davy’s Safety 
lamp. 
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93. Comparison of Conductivities.— The : conductivity of diffe- 
rent substances can be compared by the r following experiments : — 

Experiments. — (1) Take a cylinder one half of which is brass and 
and the other half wood. Wrap a piece of thin paper tightly round the 
cylinder, and hold the middle portion on a 
Bunsen flame (J?ig. 54) It will be seen that 
the paper over the wooden portion is scorched 
long before any effect is produced on the 
other half. 

The brass, being a good conductor, con- 
ducts away the heat so rapidly that the paper 
is not scorched ; while wood, being a bad 
conductor, is not able to do this. 

(2) Ingen-Housz’s Expt. — A number of metal or other rods, of the 
same length and diameter are introduced into the holes in the front of 
a metal trough. All the rods are already covered 
with a coating of wax, and the metal trough is 
then filled with boiling water (Fig. 55). Heat 
is carried along each rod, and, at the proper 
temperature, wax melts. After sometime a 
a steady state (Art. 95) is reached, when there 
is no further sign of melting. It will be 
observed that the wax has melted up to 
different distances along different rods showing 
that conducting power for different substances is different. 

It can be proved that after the steady state is reached the thermal 
conductivities of the different rods are proportional to the squares of the 
lengths of the wax melted in the rods. 

Thus, if /i, / 3 , Z s , etc., are the lengths of the rods, and if fe*, 7 j 2 , & 9 , 
etc., are their thermal conductivities (Art. 94), we have, k 1 : k 2 : 

A, -ii 3 : W* : / 3 a 

94. Thermal Conductivity.— 




If (1 = total quantity of heat transmitted through a plate, 
then it is found, Q ^ A , the area of the plate, 

•c (o x - 0 2 ), the difference of temperature 

between opposite faces, 
t, the time in seconds in which the quantity 


Q_ 

l/d, cl being the thickness of the plate, 


d 


Q *c Z . M L - ; that i9t Q— 


K.A.(S x - e 2 )t 
d 
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where K is a constant characteristic of the material of the plate. It is 
called the thermal conductivity , or the co-efficient of conductivity 
of the material. 

If in the above equation we take J =* 1 sq. cm. ; d<= lcm.; 
(®i 0*) " 1°C. ; t * 1 sec., then we have Z = Q caloriek. 

That is, thermal conductivity is the amount of heat ivliich passes 
in one second through the opposite faces of a unit cube (i.e. 1 cm . cube) 
of a material \ the difference of temperature between the opposite face s 
being 1 °C. 

Note. — The quantity (0 2 “ 0 i)/^. or, in other words, the fall in 
temperature per unit length is called the temperature gradient . 

95. Thermal Conductivity and Rate of Rise of Temperature. — 

When a metal rod is heated at one end, its temperature goes on increas- 
ing because each portion of the rod receives more heat than it 
transmits. This state of the rod is known as the variable state. After 
sometime each portion of the rod may receive somewhat more heat 
than it conducts through the neighbouring portion, but this excess is 
lost by convection or radiation, and so the temperature of each part of 
the rod remains constant. This state is called the stationary or steady 
state of the rod. 

In the variable state , the rate of increase of temperature depends 
not only on the thermal conductivity of the substance but also on its 
specific heat , which is the quantity of heat required to raise unit mass 
of the substance through unit temperature. The quantity of heat 
reaching any portion of the rod will depend on the thermal conductivity, 
but the rise of temperature produced by that amount of heat will 
depend on the specific heat of the material. If the specific heat is low, 
the temperature of any portion of the rod rises quickly until the 
stationary state is reached, even if the conductivity of the substance is 
not good, because in this case, only a small amount ol the heat that 
comes along is necessary to raise the temperature. But, on the other 
hand, if the specific heat is high, the temperature of any portion of the 
rod will rise very slowly (to the stationary temperature) even if the 
conductivity of the substance is also high. Considering a unit cube (i.e. 
volume** I c.c.) of the material of the rod, 

If d — density of the material, i.e. mass of unit volume, 

$ “specific heat of the material, t°C. *= rise of* temperature per 
second, Q** quantity of heat reaching the volume per second, 

we have, d. s. t.^Q ; ’ or t^Qld. s ; 

That is, the rise of temperature during the variable state produced 
in a unit volume of the rod is directly proportional to the quantity of 
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heat reaching the volume , and so, to the thermal conductivity , and 
inversely proportional to the product of the density and specific heat » 
that is, the thermal capacity of unit volume. 

K — _ Thermal conductivity 

J.s. Thermal capacity of unit volume 

* 

The ratio K/d.s. has been termed by Lord Kelvin as diffusivity 
(or thermometric conductivity ) of the substance. 

Taking the case of iron and bismuth, we have the thermal 
capacity of unit volume of iron (7*8 x O’ll *=0*858) much greater than 
that of bismuth (9*8 x 0*03 *= 0*294), and so the rate of melting of the 
wax (see Fig. 55) at the beginning is much lower for the iron. But the 
thermal conductivity of iron being 7 times greater than that of bismuth, 
a longer length of wax is melted along the iron. 

Thus, remember that botli the thermal conductivity and specific 
heat play important part during the variable state ; but when the 
stationary state is reached, no more heat is absorbed, and then the flow 
of heat depends on the thermal conductivity only. Therefore in 
comparing the thermal conductivities of different substances, we should 
wait until the stationary state is reached. 

Before the steady state is reached in the Ingen-Housz's experiment 
described in Art. 93, heat diffuses through the different rods at different 
rates depending on the diffusivity of the substances and so the rate 
of melting wax gives a measure of diffusivity along the rod. 

• Example l — If conductivity of sandstone is 0'0027 C. G. S. units and if the 
underground temperature in a sandstone district increases 1°C . for 27 metres descent , 
alculate the heat lost per hour by a square kilometre of the earth* s surface in that 
district. [Pat. 1926.) 

We know that, Q — ^ — 2 * ~‘ * 


Here iv **0*0027 ; A ** 1 sq. kilometre = 10 6 sq. metres =10 10 sq. cm. ; 
(^i — P 2 ) ** 1°^- ! d = 27 metres “2700 cm. ; /*=B600 sec. 


«- 


0*0027 x 10 10 x 1 x B600 
2700 


3*6 x 10 7 calories. 


N. B. The area given in sq. metre must be reduced to sq. cm. as the value 
of thermal conductivity is given in cm. 

2 . An iron boiler V26 cm. thick contains water at atmospheric pressure. The 

heated surface is 5' 5 sq. metres in area and the temperature of the under side is 120° C. 
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it ihetthermai conductivity of iron is 0'2 and the latent heat of evaporation of water 
686, findlthe mass of water evaporated per hour. (Pat. 1980 , ’41.) 

Here K— 0'2 ; A ■« 2'5 x 100 x 100 sq. cm. 

m 120°C. ; 8 a — 100°0.. the boiling point of water at atmospheric 

pressure is 100 C.) ; f-60 x 60 sec. ; d= V25 cm. 


Q~ 


0‘2 x 2‘5 x IQ* x (120-100) X3 600 
1*25 


H 

288 x 10 6 calories. 


, The latent heat of evaporation of water is 536, i.e. 536 calories of heat are 
'required to evaporate 1 gin. of water. Therefore the number of grams of 

288 X 10 c 

water evaporated by 288 X 10 6 calories of heat = - - — - - « 537,313 gma. 


, * 3. The absolute conductivity of silver is 1‘53 ; its specific heat is 0‘056 , and its 
density is 10 5. Find (i) the thickness of a silver plate 1 sq. cm in area that would 
be raised in temperature through 1°C. by the quantity of heat transmitted in 1 second 
through another gtlate of silver of the same area and 1 cm. thick with a difference of 
temperature of 1 C. between its opposite faces ; (ii) the rise of temperature produced 
in a plate of silver 1 sq. cm. in area and 1 cm. thick by the same quantity of heat. 

(i) Let x cm. be the thickness of the first plate, then its mass “ a; x 1 x 10’5 
*»10’6x gm. Therefore the quantity of heat required to raise the temperature 
of this mass through 1°C. = 10‘5-r X 0 056 cal. 


. , But the heat which flows through the second plate in one second** 1*53 
oal. Hence 10’5£ x O’ 056*** 1*53. ^ = 2*6 cm. 



(ii) Let 6»°C. be the rise of temperature produced 
in the plate of silver 1 sq. cm. in area and 1 cm. thick 
by 1*53 cal. of heat, then 

1 *53 — m s 0 = 10*5 X 0*056 X 8. t?«2*6°C. 

96. Conductivity of Liquids and 
Gases. — 

Expt — Wrap copper wire round a piece of 
ice until it will sink in water. Place this in 
a test tube and pour water in the test tube 
(Fig. 56). Now heat the upper part of water 
with a flame. In this way water can be boiled 
at the upper part without melting the ice. 

Liquids are generally bad conductors of 
heat, but mercury , which is a good conductor of 


The Conductivity of gases is less than that of liquids. Gases 
.are heated by convection. 

97. Convection.— When liquids and gases are heated, the heat 
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is carried away by the actual movement of particles. These movements 
arise from differences in temperature between different 
parts of the same substance. When the temperature 
at some part of a liquid or a gas increases, it causes 
-diminution in density, and the hotter portion being 
lighter rises, its place being taken by colder and heavi- 
er portion from the sides. Thus, convection currents 
are set up which can easily he visible by heating some 
water in a flask in which some colouring matter is kept 
in the bottom of the flask (Fig. 57). 

98. Convection Currents in Liquids — Convec- 
tion currents may bo illustrated by the apparatus shown 
in Fig. 58. 

Expt —A flask B (Fig. 58) and a reservoir A open at 
the top are connected by two glass tubes AB and CD. 

AB runs from the top of the flask to the top of the re- 
servoir and Ct) runs from the bottom of the flask to the 
bottom of the reservoir. The whole apparatus is filled with water. 
The water heated in B ascends the tube AB and the colder water in 
the upper vessel runs down the tube CD to fill the place. 
Thus a circulation is set up and finally all the water 
reaches the boiling point. The motion becomes visible 
on dropping some dye into A , when the colour can be 
seen travelling down along the tube CD. 

The above experiment illustrates the principle 
applied in hot- watcr-h eating system for buildings. In 
this case, a pipe rises from the upper part of the 
boiler to a reservoir at the top of the buildifig and the 
downward pipe passes through a number of metal 
coils placed in various rooms and ultimately enters 
the boiler again. The water, in circulating through 
the pipe, is cooled and heat is given out to the rooms, 

This method of heating illustrates all the three 
processes of transmission of heat — i.e. conduction, 
convection and radiation. It is by conduction that 
heat passes from the furnace to the water through 
the boiler ; it is carried to the interior of the pipes by 
* convection , and the whole system is a good example of a continuous 
water convection current. Heat is carried to the exterior of the pipes 
by conduction and it escapes into each room from the pipes and coils 
by radiation. 



Fig. 58 



Fig, 57 
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99 Convection of Gases.— The ascent of smoke up a 'chimney 
is a familiar example of convection In the same way convection' 
currents are produced in the chimneys of oil-lamps. Hot air above 
the fire rises up the chimney, its place being taken by cold air drawn 
from the room. Thus a fire helps to ventilate a room. Winds are 
caused by convection currents in the atmosphere. 

Warmth of Clothing — The warmth of clothing depends to a large 
extent upon convection. A loosely woven thick cloth consists of wool 
fibres separated by air spaces. The heat of the body trying to escape 
to the outside must do so either by the zig-zag paths among the fibres 
or it must go through the shorter and more difficult path partly through 
the non-conducting fibres, and partly across the air spaces by setting 
up convection currents. Thus a loosely woven cloth is really warmer 
in cold air, which is at rest, than another cloth having the same 
amount of material but closely woven. The air should be at rest y 
otherwise heat of our bodies will be lost by convection. For this 
reason closely woven cloth is necessary for people exported to strong 
winds, that is, for aviators and motorists who can use leather cloth. 
So our ‘warm’ clothes are not really warmer than other obiects in 
any room. 

Ventilation. — The ventilation of a room depends on merely 
establishing convection currents between the outside air and the air 
in the room. 

The following experiment will illustrate it. — 

Expt — Place a lighted candle on a saucer and pour 
water around it (Fig 59). Tut a lamp chimney over the 
candle. The flame after a while goes out as no fresh 
air can get in from below, and through the sides of the 
chimney. 

Repeat the experiment and introduce a piece of T- 
shaped metal or card-board down the chimney. The 
candle continues to burn. This is because the T-piece 
had divided up the chimney into two halves, one for 
up-draught to get rid of hot gases, and the other for down- 
Fig. 59 draught to take in frosh air. The existence of these 
two currents can be shown by holding a piece of slnouldering paper 
near the top of the chimney. 

Two things are necessary for proper ventilation of a room —an 
outlet for the warm and impure air near the top of the room, and an 
inlet for the cold pure air near the bottom of the room. 
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Chimneys — The draught in a chimney of an ordinary lamp or 
over a furnace is due to convection. The heated air and smoke go- 
’up the chimney, while fresh cold air enters at the bottom and thus 
a convection current is set up. The draught is due to the difference 
in weight between the cold air outside and the hot air inside 
the chimney. # The taller the chimney the greater will be this 
difference in weight and so greater will be the draught. So the factory 
chimneys are taller . But tall chimneys will be of no advantage unless 
there is enough fire at the bottom to keep the gas hot all the way up. 
In order that the descending currents may be prevented, narrow 
chimneys are better than wide ones. 

Gas-fitled Electric Lamps. —The heat of the filament of a gas- 
filled electric lamp, which contains a small quantity of some inert gas, 
such as argon or nitrogen, is carried away to the upper part of the bulb 
by means of convection current set up by the heated filament. As the 
heat from the filament is carried away, the filament can be raised to a 
higher teraper&ture without any risk of melting than if surrounded by a 
vacuum. Besides this, the convection currents have another advantage ; 
they carry to the top of the bulb the tiny metal particles of the 
gradually disintegrating filament which cause the blackening of the 
lamp. Thus the blackening, which would otherwise take place over 
the entire inside surface, being prevented, these lamps last longer than 
that of the vacuum type (see Ch. VIII, Part VII). 

100. Air Conditioning. — It is known that by the oxidation of the 
food we take in, generally more heat is generated than the body can 
use, and so there must be some way of removing the surplus in order 
to prevent a rise in temperature above normal ; otherwise we become 
uncomfortable. The comfort of the body depends upon three factors 
or conditions —temperature, humidity , and ventilation. 

The normal temperature of the body being 98*6°F., the surrounding 
air must be at a lower temperature than this in order that it may 
remove some part of the body htat. In cold countries most homes 
‘are provided with various devices for warming the air in cold weather. 
It is also possible to cool the air in summer, which is generally done 
^ -in some stores and theatres by means of refrigerators (see Art. 69). The 
relative humidity of the air should be near about 60 per cent, in order 
'that we may feel comfortable This is controlled by addition of' 
moisture as by a Humidifier or by condensing the moisture present- 
as in a De-humidifier. Lastly, there must be proper and ample ventila- 
tion by suitable arrangement. 
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101. Natural Phenomena.— 

Winds. — Winds are due to convection currents set up in the atmos-* 
phere due to unequal heating. 

Land and Sea Breezes. — Convection currents account for land and 
sea breezes. 


Sea breeze :— 

During the day time land 
becomes more heated than the 
sea, firstly because of its greater 
absorbing power and secondly 
due to its lower sp. heat. In the 
evening, therefore, air above the 
land being more heated rises up 
and colder air over the sea blows 
towards the land by convection, causing sea breeze (fig. 59. a). 

Land breeze : — 

* 

Since good absorbers are good radiators, during the night the 
land loses more heat than the sea. 

Sp. heat of land being lower again, 
the temp, of the land in the early 
hours of the morning will bo lower 
than that of the sea. So convec- 
tion currents of air will flow from 
the land towards the sea (fig. 59. b), 
causing what is called the land 
breeze. 



Fig. 59 (b) 



Fig. 59 (a) 


Trade Winds. — Heated air over the tropics rises up and cold air 
from the north and the Routh moves towards the equator, but, owing to 
the rotation of the earth from west to east, the wind gets a relative 
velocity in the north-eastern direction in the northern hemisphere and 
south-eastern diiection in the southern hemisphere. The first is known 
as north-east trade wind and the other as south-east trade wind. 


102 Distinction between Conduction, Convection and 
Radiation.*- (1) In conduction and convection heat is propagated in 
a material medium , while in radiation the assistance of no material 
medium, either solid, liquid or gas, is essential, and heat energy passes 
through a vacuum or a material medium without affectinq the tem- 
perature of the intervening medium ; but conduction and convection 
raise the temperature of the medium. In conduction there is no 
transference of material particles while in convection the heated 
particles bodily move. 



. Heat energy is transferred to us from the sun through thou- 
sands of miles of so-called vacuous space where there is no material 
medium. Heat is received by radiation not from the sun only. Wo 
also receive heat by radiation from a fire or any other hot body. If 
you hold your hand below an electric lamp your hand will get warmer. 
This is not due to conduction, for air is a bad conductor of heat, and 
it is also not due to convection, for a convection current always has the 
tendency to move upwards. So it is due to radiation. 

(2) A body emits radiation in all directions and in straight lines ; 
while in the other processes, it is not so. For this reason, a screen,, 
placed between the source of heat and any body, cuts off the radiation. 

(3) Transference of heat by radiation takes place almost ins- 
tantaneously , while the other processes are comparatively very slow . 

Radiant energy travels with, the velocity of light, i.e. 186,000 miles . 
per second. - 

(a) Nature of Radiation, t Ether Waves). — When we stand 
before a fire we feel hot. It is obvious that wo are not getting heat 
from the fire by conduction ; also the convection currents carry heat 
upwards and bring cool air from around to the fire. So the heat 
wo feel is not due to convection. Agaiu, we know that we get some- 
thing from the sun and the fire that can give rise to sensation of heat 
and sometimes of light. This something is called Uadiation . Radiant 
energy reaches us from the sun, a distance of about 92,000,000 miles, 
•in abjut 81 minutes only. The atmosphere, which surrounds the earth, 
does not extend upwards indefinitely. How, then, the radiant energy 
is communicated to us from the sun ? To explain this, scientists have 
assumed the existence of a medium, called the ether , which is a very 
delicate medium* and which is present everywhere, even in the intersti- 
ces of the molecules of even the hardest solids, just as air is present 
everywhere between the leaves and branches of a tree. 

Just as by disturbing the surface of water in a pond waves can 
•be created, which spread outwards from the point of disturbance, so • 
transverse waves are created in the ether by the rapid vibration of 
the molecules of a hob body, and these waves pass outwards 
in all directions with the velocity of light (186,000 miles per 
secj When these waves are stopped by a body, the molecules of the 
body are made to vibrate producing, heat in the body. There are some 
substances which allow these waves to be transmitted through them. 
These are called dia-thermanous substances ; while the other subs- 
tances which do not allow the waves to pass through them, are known 
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as adia-thermnnous or a-thermanous. A vaocum is perfectly dia-ther*; 
manous. Dry air, rock-salt, carbon bisulphide are also good dia-ther- 
imanous substances. Wood, slate, metals, etc., are dia-thermanous. 
The latter class gets heated by absorbing radiant energy. It is to be 
1 noted that radiant heat or radiation, strictly speaking, is not heat , but 
is the energy which being absorbed by certain bodies manifests itself as 
heat ; and daring transit it is only the energy of wave which moves in 
. the intervening ether . 

(b) Radiant energy. — Any form of energy transmitted by 
means of ether waves is called radiant energy . These ether waves 
•differ amongst themselves in frequency (i.e. in the number of vibra- 
tions per second) and consequently in the wave-length, just as there 
are little ripples and big waves on the surface of the sea. 

Waves of different lengths produce different effects. Very long 
•ether waves carry electricity , and they are used for the transmission of 
wireless messages. Waves shorter than these give uc radiant heat 
and still shorter waves affect our eyes, which we have called light 
The waves, which are still shorter, or rather too short to affect the 
-eyes, can produce chemical action on photographic plates. These are 
called Ultra-violet rays. Still shorter waves are known as 
X-raya, and waves still shorter than the X-rays are Gamma rays 
which are given out by radio-active substances. The shortest ether 
waves about which full information is not yet known are called Cosmic 
rays and are supposed to be coming from stars, etc., i.e , from sources 
outside the earth and its atmosphere. 

A hot body at a low temperature is not visible in a dark room as 
it emits only heat radiation. But at a sufficiently high temperature 
it becomes visible, when it emits also comparatively smaller waves, 
which can excite in our eyes the sensation of light in addition to that 
of heat ; so, at a high temperature, it emits both kinds of radiation 
(heat and light). As water wave3 are produced by the vibration of 
water particles, so the ether waves are produced by the vibration of 
-ether particles. Vibrations of ether particles of certain degrees of 
rapidity produce mainly heating effects on bodies on which they fall ; 
while certain others of higher degrees of rapidity" can produce in our 
eyes the sensation of light. Longer waves are produced by slow 
vibration and shorter waves by rapid vibrations of ether particles. 
For example, vibrations between 375 x 10 14 (red) and 7'5 x 10 14 ( violet ) 
times per second producing ether waves of approximate lengths between 
*80 x 10"° cm. (red) to 40 x 10“ 6 cm. (violet) can produce the sensation 
•of vision. This is the range of Luminous radiations ; while the fre- 
quencies of Actinic radiations, which can produce chemical changes 
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=are higher than 7 5* 10 14 times per second i.e. beyond the violet end 
of the visible light. So heat and light are both forms of radiant energy , 
and the difference between them is a difference in degree rather than in 
kind. The waves producing thermal effect, and which do not affect 
our sense of vision, vary in lengths between 80 * 10' 6 cm. to 0*03 cm. 
These are called Infra-red waves. The waves which are smaller than 
40 x 10“ 6 and produce actinic effects, i.e ., produce chemical changes 
on plants and certain salts of silver due to which photography becomes 
possible, are called Ultra-violet waves. These vary in lengths between 
40 x 10' 6 to 1’4 x 10“ 6 cm. Waves smaller than these are popularly 
known as X-rays, the wave lengths of which vary between the limits 
1 x 10“ 5 to 6x 10~ 10 cm. There are also waves shorter than X-rays 
which are known as Gamma rays and beyond this region there are 
waves of still shorter length known as Cosmic rays. 

On the other side beyond the Infra-red region there are very big 
ether waves which do not affect any of our bodily senses. Very long 
ether waves whose lengths vary from about 10 metres to several miles 
are known as “ wireless ” waves. The length of the wireless waves 
can also be as small as 001 cm. 

103. Instruments for Dectecting and Measuring Thermal 
Radiation. — 

(1) Ether Thermoscope. — The ether thermoscope (Fig. 60) 
contains* some quantity of coloured ether and ether vapour, 
the whole of the air from within having been expelled before 

.sealing the instrument. One of the bulbs is coated with lamp- 
black which is a perfect absorber of thermal radiation. When 
thermal radiation falls on the black bulb, its temperature ► 
and consequently that of the contained vapour, rises. This 
increases the pressure of the vapour on the ether inside the 
bulb. Hence the level of the ether in the black bulb is 
pushed down and that in the other bulb rises. 

(2) Differential Air Thermoscope. - This was first 
used by Leslie. It consists of a glass tube bent twice at Fig. 6ft 
right angles, terminating in two equal bulbs containing air. Ether ther* 
The tube contains coloured sulphuric acid up to a certain moscope. 
height, and the* quantity of air in the bulbs is so adjusted that the 
liquid stands at the same level in the two tubes when both the bulbs 
are at the same temperature. For a slight difference of temperature of 
the air in the bulbs, there is a small difference in level of the liquid 
due to the expansion of air in the warmer bulb, which depresses the 
liquid column nearest to it and raises that in the other. 
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($) Thermopile*— This is a very sensitive electrical instrument 
(described in * Art. 53, Part VII) which is 
used by modern experimenters. 

104 Radiant Heat and Light com- 
pared. — (A) Similarity . — 

(l) Radiant heat and light travel in a 
vacuum as well as in air in all directions with 
the same velocity. 

At the time of an eclipse of the sun, 
when the moon comes directly between the 
sun and the earth, it is seen that heat and 
light from the sun are cut off at the same 
instant, showing that heat and light energy 
travel everywhere in all directions and with 
same velocity (186,000 miles per second). 

.. Again the heat radiated *from the hot 

ig. ermopi e w iro enclosed in an exhausted electric bulb 

can be felt by an ether thermoscopo placed outside the bulb. 

(2) Radiant heat and light travel in straight lines . 

Two wooden screens are taken having a small hole in the middle 
of each. They are arranged parallel to each other, and a red hot 
(“red-hot” at about 525°C.) metal ball is placed opposite to the hole of 
one of the screens. If now the lamp-black-coated bulb of an ether 
thermoscopo (Kg. 60), or a thermopile (Fig. 61), be placed far away 
from the other screen and opposite to the hole in it, it will be observed 
that, when the two holes are in the same straight line with the balh 
the thermoscope, or the thermopile, is greatly affected, while the effect 
is very little when the two holes are not in the same straight line. 
This proves that radiant energy travels in straight lines. 

(3) Heat rays can he reflected in the same way as light obeying the 
same laws as in the case of light. 

(a) Reflection at a Plane Surface . — Two tin plate tubes are- 
supported horizontally in front of a polished' tin-plate so as to be 
equally inclined to the plate. Now placing a hot metal ball near 
the end of one tube and a thermopile, or the black bulb of an ether 
thermosoope, near the end of the other, the instrument is affected. The' 
effect on the instrument will be much less when the tubes are placed 
unequally inclined to the plate. . It will be found that the effect is a. 
.maximum when the tubes make equal apgles on the opposite sides of 
jllhe nbrmai to the reflecting plate (See Fjg. 14, Part III). 
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(b) Reflection at a Goncave Spherical Surface . — If two large 
* concave metallic reflectors (see Fig. 15, Part III) are placed coaxially 
facing each other at a little distance apart, then the blackened bulb of 
the thermoscope placed at the focus of one of them will be seen to be 
greatly affected by a red hot ball placed at the focus of the other reflec- 
tor. The difference in effect may be noticed by displacing a little, the 
reflector near the thermoscope. 

(4) Heat rays can be refracted in the same way as light , and obey 
the laws of refraction of light . 

The rays from the sun, i.e. both the heat and light rays, can be 
concentrated at a point by means of a convex lens, and a piece of paper 
placed at the point may be easily ignited by the heat rays. 

A better effect will he obtained by using a convex lens made of 
rock-salt, instead of glass, as rock-salt, being dia-thermanous to heat 
rays, absorbs only a small percentage (about 7 per cent.) of them, while 
glass absorbs a considerable amount of heat rays. 

(5) The amount of heat received per second per unit area of a given 
surface , i.e. intensity of radiation , by the absorption of thermal radiation 
emitted by a source of heat at a constant temperature , is inversely pro - 
portional to the sf/nare of the distance between the source and the absorb- 
in' : surface. This is known as the Inverse Square Law. 

(The Inverse Square Law holds for heat radiation in the same way 
as it does* for light radiation.) 

Proof . — A rectangular tin-plate box (Fig. 62), one face of which is 
coated with lamp-black, is filled with hot water and kept at a constant 
temperature. A thermopile 
is taken, one face of which 
is covered by a brass cap 
and the other face, meant 
for absorbing thermal radi- 
ations, is provided with a 
conical reflector in order 
to shield it from air cur- 
rents. The thermopile is 
connected with a galvano- 
- meter, {i.e. an instrument 
to detect the presence of 
‘an electric current), and 
placed at a certain distance from the lamp-black-coated surface. The 
galvanometer deflection is noted. Let the circle ab be the base, on the 
tin-plate box, of the imaginary cone having it apex c on the thermopile. 

22 
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Badiation from points outside the cirole ab (on the box) is not absorbed 
by the blackened inside surface of the conical reflector (Fig. 62) and so 
cannot reach the actual thermopile. The thermopile is now moved 
to another distance at C, which is twice the former distance so that 
the base of the oone is enlarged to AB. It is observed that there is no 
change in the deflection of the galvanometer as long as the whole of the 
cirole AB lies on the black surface, showing that the quantity of heat 
received per unit area of the thermopile in each case is the same. As 
the thermopile is moved away, the intensity of radiation, that is, the 
amount of heat energy received per unit area of the surface of the thermo- 
pile , decreases, but the area of the source of radiation increases (from 
the area of ab to that of AB). The total amount of heat energy 
received depends on the product of these two factors, which remain 
constant, 

Since the temperature of the box is kept constant throughout the 
experiment, the amount of heat emitted will be proportional to the 
areas of the circles ab and AB , that is, nr^* ; rr r 2 2 : or r x z : r 2 a ; 
or l a : 2 2 or as 1 : 4, where r x is the radius of the ah and r 2 that of 
AB. Hence we might expect the galvanometer deflection at G to be 4 
times that at c. But by experiment we And that defloction is the same. 
Therefore it follows that the intensity of heat radiation at G\ which is 
at twice the distance, must be 4 of that at c. This verifies the law of 
inverse squares. 

(B) Difference between Radiant Heat and Light. — Both beat 
and light waves are due to ether vibrations. They differ only in the 
frequency of vibration , and so in their wave-lengths. 

165. Emissive or Radiating Powers of Different Bodies 
compared. — 

The Emissive (or Radiating) power of a 
source is defined as the amount of heat 
radiation received on unit area placed nor- 
mal to the rays at a distance of 1 cm. from 
the source. 

The same body, even at the same ‘tem- 
perature, will radiate different quantity of 
heat depending on the nature of its surface. To show this, take as a 
source of radiant beat, a cubical tin L containing boiling water. One 
face of the cube is coated with lampblack, another with black 
enamel, a third with white paper, and the fourth with polished 
tin, , Such a cube is usually termed a Leslie's cube (Fig 63). Take a 
thermopile T connected with a galvanometer and keep the face of the 
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thermopile equidistant from each face of the cube in turn and for the 
’same time. The deflection of the galvanometer will be proportional to 
the emissive or radiating power of each surface, the faces being sup- 
posed to be at the same temperature. It will be noticed that deflection 
of the galvanometer is greatest for the lamp-black surface, the black 
enamel surface comes next in order, then comes the white paper and it 
is least with the polished tin surface. This shows that lampblack is 
the best radiator , and a polished metallic surface is the ivorst radiator . 

At 100°C. white lead is as good a radiator as lampblack, but above 
this temperature lampblack is by far the best radiator. 

106. Absorption of Radiation.— Different surfaces at the same 
temperature emit different amounts of radiation, but when thermal 
radiation is incident on the surface of a body, 
the temperature rises according to the proportion 
absorbed by it. The proportion absorbed varies 

with the nature of the surface. 

• 

The absorbing power of a surface is the 
ratio of the amount of radiation absorbed by the 
surface in a given time to the total amount of 
radiation incident upon it . 

Emissive and absorbing power of a 
surface — 

Ritchie's Expt — The apparatus consists of 
two cylindrical metal vessels C and D filled with 
. air and connected by a glass tube bent twice at right angles in which 
some coloured liquid has been placed. A large cylindrical vessel AB 
is supported between G and D. The surfaces A and C are fe#ated with 
lampblack while the other surfaces D and B are polished. When AB 
is filled up witlf boiling water, the level of the coloured liquid is found 
to remain the same, which shows that C and D are the same tempe- 
rature. The face A emits more than the face B , but the black face G 
absorbs more than the polished face D, As the level of the liquid 
remains the same, it shows that one vessel gains as much heat energy 
• as the other, i.e the emissive power is equal to the absorbing power . 

As lampblack is the best absorber, and the polished metallic sur- 
faces the worst absorbers, we conclude that good absorbers are good 
radiators. A body which absorbs all the radiation incident on it is 
called a perfectly black body, 

107. Selective Absorption of Heat Radiation. — Different 'bodies, 
even when at the same temperature, will radiate as also absorb heat 
differently, and generally bodies which cau reflect heat radiation very 
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well, are bad absorbers of heat. For example, bad reflectors like 
lampblack , ashes , etc are good absorbers of heat . It takes less timd 
to boil water in an old kettle covered with soot than in a new one 
which is polished. The soot absorbs heat better than the polished 
metal and so water boils quickly in an old kettle. In winter, ice and 
snow kept beneath the ashes melt sooner than the* ice and snow 
which are uncovered, because ashes are good absorbers of heat Good 
reflectors such as polished metals are bad absorbers and also bad 
radiators of heat, 

fa) Some Practical Applications. — In our everyday life we require 
for some purposes good reflectors of thermal radiation, while for other 
purposes good absorbers are necessary. A few examples are given 
below : — vessels such as teapots, calorimeters, etc., which are meant 
for retaining their heat are made with polished exteriors because black 
bodies radiate less than white ones. For cooking purposes vessels 
should preferably be black with rough exteriors. Black clothing is 
preferred in winter as it absorbs almost the whole of the heat rays 
falling on it and thus becomes warm, while white clothing is more 
suitable in summer as it absorbs very little of the sun’s heat rays. The 
advantage of the white-painted walls and roofs of a building is that 
they keep the building warmer in winter and cooler in summer than 
if they were painted with a dark colour. In order to cool down hot 
liquids quickly it is better to use a black stone vessel and not a metal 
cup with polished surface. Dry air absorbs very little heat radiation. 
It transmits nearly the whole amount of heat radiation falling on it r 
i.e. it is a dia-thermanous substance , while moist air absorbs heat 
radiation to a great extent. Thus the moisture of the air helps us in 
two ways ; it prevents the earth from becoming too much heated 
during the day time by absorbing sun’s rays and also from becoming 
too much cooled at night by absorbing the radiation escaping from the 
heated surface of the earth. We know that a clear night is colder 
than a cloudy night as clouds are practically opaque to the long heat 
rays radiated from the surface of the earth. 

' Water only transmits 10 per cent, of heat radiation and alum 
transmits less. But wbon alum is mixed up with water, the . 
transmitting power of the latter is increased. 

Gases are bad radiators of heat, so fire-bricks, which are good 
radiators, are used in the construction of furnaces in which the hot 
gases are made to play on the fire-bricks, which are heated by contact * 
and then radiate the heat freely. 

(b) Dewar flask (Thermo-flask or Vacuum flask) :-r- 

It is an example where the loss or gain of heat by a system .through 
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conduction, convection or radiation has been reduced to a minimum. 
It is used for keeping a hot liquid hot and a cold 
liquid cold for a good length of time. 

It consists of a double-walled glass flask B 
(fig. 65) placed on a spring E within a metal or 
wooden casing* C, its mouth being closed by a <fcork 
stopper A. The space between the flask and the 
outer casing C is preferably packed with a non- 
conductor like felt. The space between the two 
walls of the flask is exhausted of air by pumping 
out the air through the nozzle at the bottom which 
is finally sealed off. The outer surface of the inner 
wall and the inner surface of the outer one are 
silvered. The vacuum belt around the liquid kept 
in the flask prevents any loss or gain of heat through 
conduction and convection while radiation is reduced 
to a minimum for the silvering of the surfaces. 

The non-conducting packing of felt reduces any sharing of heat by 
conduction through the walls. Conduction, convection and radiation, 
the three possible modes of exchange of heat being guarded, the liquid 
remains almost in a state of thermal isolation and thus maintains its 
own temp, for pretty long time. 

(c) Green- House. — It is an example of selective absorption of glass. 
Theamount of heat transmitted through a substance depends upon 
the source of heat ; for example, glass transmits about 50 per cent 
'of heat when the heat rays come from a source which is at a high 
temperature e.g. the sun, or a hot fire. Glass is adia-thermanous to 
heat rays when the source is below 100°C. This is why heat accumu- 
lates in a green-Jiouse, the glass windows of which allow rays of heat 
from the sun to pass through them. These rays heat the objects 
inside, but when the bodies inside, which are evidently at a tempera- 
ture below 100°C., radiate their heat, glass windows do not allow it to 
pass out. Glass thus serves as a trap to the sun-beams. 

A Glass fire-screen is also an example of the above principle. It 
will absorb most of the thermal radiations falling on it, while only a 
small part is transmitted along with the luminous portion. One, there- 
fore, will see the fire while much of the heat is cut off. Ordinary glass 
not ,only absorbs the long infra-red waves but also the short ultra-violet 
waves. It transmits only the visible light waves. A special kind of 
glass has, however, been made which can transmit infra red radiation. 
So fchesp are used for camera lenses for long distance photography. 
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Quartz glass and “Vita glass” transmit ultra-violet portion of the 
radiation and they are often used for window-panes in hospitals. 

(d) Temperature of the Moon's surface.— Like glass, water is 
dia-tbermanous to radiation from a hot source, but adia-thermanous to 
that from cold bodies. This fact has been applied to measure the tem- 
perature of the surface of the moon It is known that moon reflects 
the sun’s radiation and also emits its own. These two different types 
of radiation have been separated by passing the radiation into water 
when the suit's radiation will be transmitted, while that from the 
moon will be absorbed, by calculating the amount of which the tem- 
perature of the moon's surface can be determined. 

108. The Law of Cooling.— 

Expt. — (Verification of Newton’s Law of cooling.) Take some hot 
water in a calorimeter and note the temperature of the water at an 
interval of one minute for a period of about 20 minutes carefully stirr- 
ing the water all the time. Now, note the fall of temperature for any 
interval of time, 2 minutes, and also the mean difference of tempera- 
ture between the water and the air of the room during the same 
two-minute interval. Calculate the ratio of the fall of temperature 
during this interval to the mean difference of temperature, and repeat 
the process taking the fall of temperature at various points all over 
the period of 20 minutes. It will be found that these ratios are prac- 
tically equal. 

As the mass of the liquid is constant, this experiment shows that 
the rate of cooling of the water is proportional to the mean difference 
in temperature between the water and its surroundings. This will 
be true for any other liquids, and this fact was first expressed by 
Newton, being known as Newton’s Law of Cooling, which states, — 

The rate of loss of heat , i.e., the rate of cooling is proportional to the 
mean difference of temperature between the body and its surroundings . 

Again taking two or three calorimeters and recording the time and 
temperature as before, it will be seen that the amount of heat lost per 
second depends on the extent and natnre of the radiating surface. This 
shows that the rate of cooling does not at all depend on the nature of 
the liquid. 

[Vide Art. 50(6) for the determination of specific heat of a liquid by the 
method based on Newton’s law of cooling] . 

• 109. Prevoot’s Theory of Exchanges — Experiments on radiant 
heat have led to the Theory of Exchanges, first stated by Prevost of 
Geneva which states that a body radiates heat at all temperatures, the 
amount of which depends upon the temperuture of the body and the 
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nature of its surfaces, and not upon its surrounding objects. A red 
hot ball will radiate the same amount of heat whether placed in\a 
furnace or in an ice-house. Again, an ice ball will radiate equally 
whether kept in an ice-house or in frorft of a fire. Again bodies receive 
heat from the surrounding objects, and the balance of heat of the body 
is a differential effect. It depends upon the difference between the 
amount emitted and the amount absorbed. If the amount emitted 
equals the amount absorbed, the temperature of the body remains 
constant. When a man stands before a fire, he gains more heat than 
he loses by radiation, his temp, being less than that of the fire. So he 
feels hot. It is the differential effect of an exchange. 

Questions 

Art. 91. 

1. Distinguish between conduction and convection of heat. Illustrate the 

difference by examples. (C. U. 1918, ’28, ’38, : Dac. 19381 

2. Point out the various ways in which a hot body may lose its heat. 

What methods would you adopt to reduce the rate at which heat is lost in 
each of these ways ? (C. U. 1924 ; Pat. 1928) 

3. (a) Distinguish between conduction, convection and radiation of heat. 
Describe experiments to illustrate the distinctions. 

(Pat. 1940 ; Cf. Dac. 1931, ’33) 

(b) Of what importance are these in calorimetric determinations, and what 
arrangements would you make to eliminate their effects ? (Pat. 1982 ; Cf. ’28) 

4. What are the different methods for the transmission of heat from point 
,to point ? Clearly explain their difference with suitable examples. 

(C.U. 1931. ’41) 

Art 92. 

0. If you touch a piece of iron and a piece of wood lying exposed to the 
heat of the sun, which feels hotter and why ? (Dac. 1980 ; Pat. ’48) 

6. On a cold day a piece of wood and a piece of iron, when touched with 
fingers, appear to be different at different temperatures, though a thermometer 
placed successively against each gives the same reading. How do you 
account for this, and how would you verify your explanation by experiment ? 

(Pat. 1928) 

Art. 93. 

7. Define thermal conductivity. Explain the statement that the thermal 

conductivity of glass is 0‘002 C. G. S. units. (All. 1944) 

IJow will you show experimentally that different substances have different 
conductivities, ? ( See Art. 94) * ^ (Pat. 1987 ; ’48) 

8. State briefly how you would compare experimentally the conductivities 

of a rod of copper and one of lead. (0. TJ. 1988) 
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The opposite faces of a cubical block of iron of cross section 4 sq. cm. 
are kept in contact with steam and melting ice. Determine the quantity of 
ice melted at the end of 10 minutes, the conductivity of iron being 0*2. (Latent 
heat of ice » 80 calories). (Pat. 1025) 


[Ans : 800 gms.] 

<^fo. Find the difference in temperature between the two sides of a boiler 
plate 2 cm. thick, conductivity 0'2 C. G. S. units, when transmitting heat at 
the rate of 600 kilogram -calories per square metre per minute. (Pat. 1985) 

[Ans : 10°C.] 

11. Explain how heat is propagated through a given body by conduction 
and define co-efficient of conductivity. (C. U. 1982) 


12. Calculate the amount of heat lost through each square metre of the 
walls of a cottage, assuming that the walls are 42 cm. thick, and that the 
conductivity of the material is 0 004 C. G. S. units, and that the temperature 
is 10°C. higher than outside. (I.. M. B.) 

[Ana : 9‘5 cals./sec.] 

18. Find how much steam per minute is generated in a boiler made of 
boiler-plate 0’5 cm. thick, if the area of the avails of the tire-chamber is 2 sq. 
metres ; the mean temperature of the plate-faces 200°C. and 120°C. respecti- 
vely, the latent heat of steam 522, and the conductivity of the steel plate 
0*164. (P. U.) 

[Ans : 60321 gm.] 


14. Heat is conducted through a slab composed of parallel layers of two 
different materials of conductivities 0'32 and O’ 14, and of thicknesses 8' 6 cm. 
and 4'2 cm. respectively. The temperatures of the outer faces of the slab are 
96°C. and 8°C. Find the temperature gradient in each portion. (Pat. 1937) 

[Ana : 6*67°C. and 15’24°C.] 

Art. 95. 


15. Spheres of copper and iron of the same diameter and of masses 8 : 7 

are both heated to 100°C. and placed on a slab of paraffin wax. It is found 
that copper sinks in more quickly than the iron, but in the end the iron is 
level with the copper, having melted the same amount of wax ; give an 
explanation of this. (Pat. 1985) 

[Hints,— Copper has less specific heat but greater conductivity than iron]. 

16. One end of a metal bar is heated. Indicate clearly the factors on 
which the rate of rise of temperature at any point on it depends. 

(Pat. 1925 ; All. ’46) 

17. Two metal bars A and 12, of the same size but of different material, 

are coated with equal thickness of wax and placed each with one end in a hot 
bath. It is noted that at first the wax on A melts at a greater rato than that on U, 
. but that when a steady state has been reached a greater length of wax has been 
melted on B than on A . Explain this, ^ - (C. U. 1941) 
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Ai ts. 104 & 106. 

18. Discuss, as fully as you can, the grounds on which we conclude that 
radiant heat is but invisible light. ( See Art. 102 b) (C.U. 1912, *83 ; cf Pat. 1929) 

19. Describe an experiment showing’ that thermal radiations are trans- 

mitted in straight lines. Show how to prove experimentally that the radiant 
heat received by # a given surface is inversely proportional to the square of the 
distance of the surface from the source of heat. (Pat. 1920) 

20. Describe a convenient apparatus for investigating the laws of reflec- 
tion and refraction of heat and give the general results arrived at. 

(All. 1982 ; Pat. ’45) 

21. State the laws which govern the transmission of heat by radiation. 

You arc given two ordinary clear glass thermometers ; and the bulb of one 
of them is coated with lampblack : compare their readings when exposed (1) on 
a damp cloudy night, (2) on a clear dry night in the cold weather, (8) in 
the sun. (Pat. 1982 ; cf. '42 ; All. 1919) 

[Hints. (1) On a cloudy night the free radiation from the earth being 
obstructed, the atmosphere becomes warmer, and as the lampblack -coated bulb 
absorbs heat to a greater extent, the temperature recorded by it is higher than 
that of the other. (2) On a clear night the black bulb radiates to a greater 
extent and so its temperature will be lower than that of the other : (3) In the 
sun the black bulb absorbs heat radiation to a greater extent and so will indi- 
cate a higher temperature.] 

Art. 107 

22. Explain (a) why it is of advantage to paint the roof of a house white 
in the hot iveather ; (6) the principle and construction of the thermo-flask. 

(Pat. 1939 ; cf. All. '45 ; M. U.) 

Art 108. 

23. Enunciate Newton’s law of cooling. How would you verify it experi- 
mentally ? (All? 1923, ’25) 

Art. 109. 

24. Give an outline of Prevost’s Theory of Exchanges. (All. 1945) 

The bulbs of two identical thermometers are coated, one with lampblack 
and the other with silver. Compare their readings (a) when in a water bath 
in a dark room, ( b ) when in the sun, (r) when exposed on a clear night. 

(Pat. 1927, cf. ’24) 

[Hints, (a) Doth will indicate the temperature of the batli ; ( b 1 The 
_ temperature of the* lampblack-coated thermometer will be higher as it will 
absorb more heat rays than the silvered surface ; (c) the temperature of the 
'lamp black -coated thermometer will be lower than the other as it will absorb 
more dold when temperature of the atmosphere will go down at night.] 
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Mechanical Equivalent o? Heat. Heat Engines. 

110. Nature of Heat. ( Caloric Theory) — The old idea as to* 
the nature of heat was that it was a weightless invisible fluid called 
caloric^ which, according to the supporters of the caloric theory, was 
present in every substance in large or small quantities, which again 
rendered that substance hot or cold. The fluid was assumed to be 
given up by a hot body when placed in contact with a cooler one. The 
heat produced by compression or hammering was explained by 
supposing that caloric was squeezed out of the body like water of a 
sponge. Again, the heat produced by friction, as for example, by rubbing 
two bodies together, was explained by stating that in addition to the 
caloric squeezed out, the thermal capacity of a substance is less in the 
powder form than when taken in large masses, and so the particle did 
not require so much caloric to maintain the former temperature ; so 
some heat was given up which raised the temperature of the fine 
particles and the rubbed bodies. 

Romford's Experiments. — The first blow to the caloric theory 
was given by Count Rumford in 1798, while superintending the boring 
of cannon at the Munich Arsenal. He observed that a large amount 
of heat was developed both in the cannon and in the drill, which whs 
apparently unlimited. He arranged to revolve a blunt drill in a hole in 
a cylinder of gun metal weighing 113 lbs., by which the temperature 
rose up to 70°F, though the weight of the metallic dust rubbed off the 
cylinder was only 2 ounces. It occurred to him that the only other 
source from which heat could bo received was air. So, in order to 
avoid the effect of the atmosphere, ho repeated his experiment by 
surrounding the cylinder with 2i gallons of water which began to boil 
after some time. It appeared impossible that such a large amount of 
heat could be liberated by such a small quantity of borings by a mere 
otiange in thermal capacity. This heat, he argued, could not also come 
from the water ; for water was only gaining heat. Rumford observed 
that the supply of heat produced by friction was unlimited, and he 
stated that anything which could furnish heat wiihoui limitation could 
not be a material substance . Heat was, according to him, not due to 
something material as the calorists thought, but a kind of motion. 

Davy** Experiment - The final blow to the caloric theory was 
given by Sir Humphery Davy by rubbing together in a vacuum two* 
pieces of ice, which melted to form water even when the- initial tem- 
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perature of the ice and its surroundings was 29°F., i.c., below the 
. freezing point. Davy states, “From this experiment it is evident that 
ice by friction is converted into water, and, according to the calorists, 
its capacity is diminished, but it is a well-known fact that the capacity 
of water for heat is much greater than that of ice, and ice must have 
an absolute quantity of heat added to it before it can melt. Friction 
consequently does not diminish the capacities for heat.’* 

Inspite of these experiments scientists continued to support the 
caloric theory till 1850, when the Dynamical Theory of Heat was 
established by the experiments of Dr. Joule of Manchester, who not 
only showed that heat was a form of energy, but found the exact 
relation between heat and other forms of energy. 

111. Mechanical Equivalent of Heat. ( Heat and Work).— It 
has been found that when two bodies are rubbed against each other 
heat is produced at the expense of the work done. Similarly, when a 
body, falling from a height, strikes against the ground, it loses its 
kinetic energy acquired during the fall, which is converted into heat. 
Again, heat energy can be transformed into work as in the case of a * 
steam engine. The mechanical work of the steam engine is performed 
at the expense of the heat energy due to the combustion of coal. 

Every cyclist knows that at the time of pumping his tyres the 
pump grows hot. This is due partly to the friction of the piston 
against the walls of the cylinder, but chiefly to the fact that the down- 
ward motion of the piston is transferred to the molecules of air coming 
into contact with it, which has the effect of increasing the velocity of 
these molecules. These molecules colliding with the advancing piston 
rebound with increased velocity which is so great that the temperature 
of a mass of gas at 0°C., when compressed to one half orifa former 
volume, rises to about 87°C. 

Shooting stars , meteorites are also other interesting examples. 
These aro pieces of matter, cold to begin with, which are attracted by 
the earth through the surrounding space. They run through the 
atmosphere with such enormous speed that there is rapid compression 
Of gases in the atmosphere and, as a result of the work done, the rise 
of temperature is so high that these pieces of matter become luminous, 
_und very often burn away altogether. 

As a result of experiments like these, we have the First Law of 
Thermodynamics, which states.— 

When work is transformed into heat t or heat into work , the amount of" 
work is mechanically equivalent to the quantity of heat. 
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That is, if W- work done ; S'* heat produced, then TF« H, 

W 

or % -jg » J t a constant, or W— JH , 

Where J is called the Mechanical Equivalent of Heat (or Joule's 
Equivalent). It is the work equivalent to unit heat . 

The value of J" is given by 4‘2xl0 7 ergs per calorie, if W be 
measured in ergs and H in calories. So, 4' 2 x 10 7 ergs of work are 
necessary to m produce o?ie calorie of heat or one calorie of heat can develop 
4' 2* IQ 1 ergs of toork . 

v il2 Determination of J. (a) (Joule's Experiment ). 

The first exact determination of the quantitative relation between 
heat and work, i.e. the mechanical equivalent of heat was made by 
Dr. Joule. 

His apparatus (Eig. 66) consists of a special copper calorimeter G in 
which a paddle can be rotated, by means of a central spindle, between 

the stationary vanes sold- 
ered to the inner side of 
the calorimeter. The 
paddle is rotated by means 
of two cords wound round 
the wooden cylinder D at 
the top of the central 
spindle S. The other ends 
of the cords are* attached 
to two large pulley P, P, 
which are rotated by two 
equal wheghts M and M. 
The spindle S is attached 
to the wooden cylinder D 
by means' of the removable 
pin T. 

A known quantity of water is put into the calorimeter and its 
temperature noted by a sensitive Ilg- thermometer introduced into 
calorimeter through an aperture in the lid. To start with, the pin T 
is detached and cylinder D is rotated by the .handle II till the wts. 
M t M are raised to a definite height. The pin is replaced and the wts. 
allowed to descend. The paddle turns and gives a churning motion 
to the water, which being resisted by the fixed vanes, is heated up. The 
final temperature of the water is noted, after a number of falls of 
the wts. 

Calculation.— In order to produce appreciable rise of temperature, 
the weights are raised and allowed to falhserveral times. * 
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Let w* mass of water in the balorimeter ; ilf^massof each weight ; 
•ti m height through which each weight falls; ?i = number of fails 

w** water equivalent of the calorimeter ; 

t° ** rise of temperature of water in the calorimeter ; 

velocity acquired by the weights on reaching the ground. 


Potential energy in the beginning, for both the weights *2 Mgh. 
Kinetic energy just before striking the ground « 2 x \Mv 2 . 

Total energy used = n(2ilff//& - Mo 2 ) ergs ; and heat produced 
= (w + w ) t cal. 


J- 


W 

FT 


n&Mgh-Mv*) 
(ni + tv)t 


ergs per calorie. 




Errors and Corrections 

Joule had to make various corrections in ordor to get a reliable 
result. He corrected for the kinetic energy of the scale pans with their 
loads at the end of each fall and made allowance for the energy con- 
verted into sound. Corrections were also made for the losses due to 
conduction, radiation, etc., and for the energy absorbed by friction. 


The defects of his expt. were : (1) Joule, on the authority of 
Kcgnault, assumed Sp. heat of water to be the same at all temps., 
(2) the Hg -thermometer, he used, was not calibrated with reference 
to any standard thermometer, such as a gas thermometer, (3) the rise 
of temp, attained in his expt. was very small. 

, The final mean result of the value of J given by Joule was 773 ‘4 
ft. -lb. per B. Th. U. But, by later investigators, it was found that 
Jauie’s result was rather low, and the accepted result was 778 ft.-lb. 
per B. Th. U. 

(b) Searle’s (or Friction Cones) Method.— The apparatus (Fig. 
67) essentially consists of two conical brass cups A and B, one of which 
fits closely into the other. The lower cup B is 
fixed on a non-conducting base, which again is 
fixed on the top of a vortical spindle S. The 
spindle can he rotated by a hand wheel or a motor. 

A circular wooden disc GO is fixed to the inner 
-cup A and a string wound round the circumference 
of the disc passes over a pulley and carries a suit- 
able weight W at the other end. When the cup B 
is • rotated, A , is prevented from doing so by the 
tension of the string, and the speed of rotation, 
which is counted by a speed counter, attached to the spindle, is so 
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adjusted that the weight W hangs stationary, the tension of the string 
acting as a tangent to the disc. Now the work done against friction 
between the surfaces of the cups, i.e. the mechanical energy, is con- 
verted into heat which raises the temperature of the cups and a known 
mass of water taken in A. A thermometer in A records the rise in 
temperature. 

Calculation . — Here for steady suspension the moment of the 1 
average frictional force F between the cups is equal to the moment 
due to the force Wi^Mg), where M is the mass of the wt. The 
former F.a, where a is the mean radius of the surfaces of the cups 
which are in contact. So, Fa * Mg x r, where r is the radius of the 
disc. Now the work done in ergs for each revolution * 2 n a * F. For 
n revolutions the work = 2^naF sa 2^nMgr ergs. 


Again, if m be mass of water in the cup, to the water equivalent 
of the cups, and t°C. the rise in temperature, the heat developed by 
rotation, + calories. 


Hence the mechanical equivalent, J 


2nnMgr _ . 

(m + w)t ® rgS P6r Cal ° ne - 


Otherwise thus : — The work can be calculated also thus : — The 
work done for n turns of the spindle in overcoming the friction between 
the cups is the same as would have been spent if the spindle and the 
outer cup B had been kept stationary and the inner cup A had been 
made to rotate by the wt. TF( * Mg) making n revolutions of the 
- disc slowly. 


The mechanical work done - (force * distance) = Mg x 2nrn 
j** work done ^ 2nnMgr . 
heat developed II 

Radiation is the chief source of error in this experiment to reduce 
which the cups must be brightly polished. 

(o) Simple Laboratory Method for Determining J.— The 
iollowing example illustrates another method for determining the value 
of 

A cylindrical tube 15 cms. long made of a non-conducting material , closed at both 
endSt contains 500 gms. of lead shot, which , when the tube is held vertically , occupy 
6 cm*- of the tube length . The tube is suddenly inverted so that the end originally 
above is now below , and the shots fall to the other end of the tube. The tube is then 
again quickly inverted and the process is repeated 200 times. At the end of this 
process the temperature of the shots is found by nytam of a thermometer to be T 4? C. 
higher than it was at the beginning of the experiment. Find the value of the mechani- 
cal equivalent of heat. (Sg. ht. of ledd is 0 03. It is assumed that no heat is lost by 
radiation or conduction). * ' “ ,(C. V. 1910). 
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The lead shots fall through a height® (15-6) cms. each time the tube was 
inverted. Hence the loss of potential energy for each time. 

=* 500 x 981 x (15 - 6) ergs. 

. ’ » The total loss * 200 X 500 X 981 x (15 — 6) ergs. 

Heat developed in lead shots = 500 x 0*08 x 1*4 cal. 


Mechanical equivalent (J) 


work done 

heat developed 


200X500X981 x (15 -6) 
500x<y03xl : 4 ® 


= 4*2 x 10 7 * ergs (nearly) 


(d) Electrical Methods— See Art. 47, Oh. V, Part VII. 

113. Another Relation. — The kinetic energy of a body of mass 

mass m moving with velocity v-hnv 2 . 

Heat developed H when the body meets* an obstacle and stops 
suddenly* msi, where s is the specific heat of the body, and t the rise 
in temperature by the impact. 

Then II *■ kinetic energy 06 hmv 2 ; 

or JIl * \mv 2 ; or J x wist * imv 2 ; 





The value of J obtained was 778 ft;. -lbs., which means that 778 
ft. -lbs. of work will produce unit amount of heat, — the heat required to 
raise 1 lb. of water through 1°F. 

114. The Value of J in Different Units.— 

J * 778 ft.-lbs. per pound-degree Fahrenheit unit of h4a£ (i.e. per 
B. Th. U.) 

= 778x^*1400 ft.-lbs. per pound-degree 0. unit of heat (0. H. U). 
1400 x 30*48 cms. x 453*6 gms.- wt x 9Kj 
453*6“ 

« 4186 x 10 7 ergs per calorie 

*4186 Joules per calorie (V 1 Joule *10 7 ergs.) 

The most approximate value of J is taken to be 4'2 * 10 T ergs per 

•calorie. 

Example. — 1. Hoio much work is done in supplying heat necessary te convert b 
10 gms . of %ce at ? 5°0. into steam at 1O0°C. {All. 1927.) 1 * 

(1) Heat necessary to convert 10 gms. of ice at - 5°C. into ice at 0°0 ■ 10 x . 
*0*4 x 5 ** 25 cal. (Sp. ht. of ice ~ 0’5). (2) Heat necessary to convert 10 gms. 
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of ice at 0°C. into water at 0°C. — 10 x 80 = 800 cal. (8) Heat necessary to 
convert 10 gms. of water at 0*C. into water at 100°C.- 10 x 100-1000 call 
(4) Heat necessary to convert 10 gins, of water at 100°C. into steam at 
100°C. *= 10 x 586 = 5360 cal. 


The total heat necessary— 7185 cal. 

7 ork done«/x ff-4'2 x 10 7 x 7185 ergs. = 3*0177 x 10 11 ergs. 

If a lead bullet be suddenly stopped and all its energy employed to heat it. 
with what velocity must the bullet be fired in order to raise the temperature to 100? C. 
the specific heatjof lead being 0 0314 . 

Let m be the mass of the bullet in kilograms and v its velocity in cms. per 
second ; then its kinetic energy = wn>*/2 ergs. 


And heat produced ( H ) when the bullet is stopped 
mv ^ 

4*2 x 10 7 = (m x 0*0314 x 100) whence v 


rn x 0*0314 x 100 cal. 
162*407 X 10* cm. 


*3. A lead-ball, dropped from an aeroplane at a temperature of 15°C , just melts 
on striking the ground. Supposing the whole of its kinetic energy is converted into 
heat , find out the height of the aeroplane at the moment, at which the hall is dropped 
(Sp. id. of lead**0‘0i ; meltinq point of leid- 3i)0°G. ; latent heat of lead = 35 
calories.) (Pat. 1932) 

If h be the height of the aeroplane, the loss of potential energy of the ball 
— m X 981 x h ergs. This is converted into heat, which first raises the tempe- 
rature of the ball (350-15)°C. and then melts it. 


. ' . The total heat developed — m x 0*03 x 335 + in x 85 cal. = m x 45*05 cal. 

This is equal to (m X981 X li) + J ; So 4*2 x 10 7 = 981 x mX h + in* 45*05 
/ whence //,»■ 19287*4616 metres. 

V 4. If the mechanical egunnlent of heat be, 779 footpound -Fahrenheit unit 
from what height must 10 lb. of w iter fall to raise its temperature by 1°G. ? 

( Pat. 1910) 

Let h ft. be the required height. Rise in temperature = 1°C. = >J°F. 

. Heat produced H= 10 x 1 x g = 18 (R. Th. U.) 

Work done, IT— force X distance — 10 X h ft.-lbs. 




J 


or 7t- 1402-2 ft. 


10 X h 10 x h 

18 * ’ ° r 779= 18 

With what velocity must a lead bullet at 50° C. strike against an obstacle i t 
order that the heat produced by the arrest of the motion, if at all produced within the 
the bullet , must be just sufficient to melt it ? (Sp. hi . of ledd ® O 031 : melting point 
of lead** 335° C-, tatent heat of fusion of lead = 5‘ 37). (C. U . 1930 ; Dac. '32) 


The available energy — \mv*. This is converted into heat by which m gms. 
of lead is raised in temperature from 50°CVto 835°C. and then melted. The- 
I amount of heat developed ( H ) a wix 0*081 x (885 - 50) + m x 5*87 - m x 14*2 
calories. 

We have, JH— work or energy. 4*2 x 10 7 x m x 14*2 - \mv 2 whence 

^— 84*5 x 10 4 cms. per sec. v 
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7). A meteorite weighing 2000 kilogram* fall s into the aun with a velocity of 
i000 kilometres per second. How many calories of heat will be produced? {,T**4'19 
x 10* ergs per calorie), (C, U. 1926 ) 

W&—2000 kilograms* (2000 x 1000) gms. 

The kinetic energy of the meteorite = \mv* j 

- V* (2000 x 1000) x (1000 X 1000 X 100)* ergs. - 10 22 ergs. = JH. 

10 22 

H ~ ilgliTo ’" 2 ’ 88 X 1Ql ‘ calorie8. 


7 . The mechanical equivalent of heat is 4' 2 Joules per calorie. By what 
number should it be expressed in the F, P. 8. system ; [ Assume 1 ltilogram»2'2 lbs . ^ 
and 1 inch** 2' 5 ms.] (Pat. 1942), 

1 calorie ~ Heat required to raise the temperature of 1 gm. of water through 
1°C. ; 1 gm. = l/l0 3 kg.»(l/10 3 )x2*2 lb. ; 1°C. = %°F. 

2'2 9 

1 calorie= -£-X — - lb.-degree Fahrenheit (or B. Th. U.) ... (1) 

, 10 3 5 


We have <7*4*2 Joules per calorie- 4*2 X 10 7 ergs per calorie 

4*2 x 10 7 , . 4*2 xlO 7 , . , 

“ ~981 gm - Crn ‘ P ° r Cftl0ne = 98 1 x lO 3 x 2 '5 kg ‘ inch ' per Cal0ne 
» 

4-2 x 10 7 x 2 '2 .. ,, . * . 

981 x 10 s x 2 5 x 12 P 

* • ,, v , 4'2 X 10 7 x 2'2 x 10 3 x 5 . ,, „ TT 

■ from (1) - J ~ 98TxTo* x2Tx 1272 21T9 ft, ' lb ' per B ' Th> U ‘ 

- 792*9 ft.-lb. per B. Th. U. 


115. Work done by a Gas. — The work done by a gas where it 
expands at constant pressure is equal to the product of the pressure and 
the increase in volume. And, when a gas contracts at constant pres- 
sure, the work done on the gas is equal to the product of the pressure 
and the decrease in volume. 


Let a certain amount of gas of volume v x c.c. be enclosed in <a 
cylinder fitted with a piston of area A , and let p be the uniform pres- 
sure acting on the piston. Therefore, the force on the piston * A x p. 
Suppose the gas expands, the increased volume being v 2 . and the piston 
is moved through a distance x cms. Then the work done by the gas 
• “ force x distance -p xix® ergs x (v 2 - v x ) ergs. 

• Thus, the- work done by a gas during . expansion is equal to the 
product of the pressure and the increase in volume. Similarly the other 

result will be obtained. 

28 
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Example . — How much work is done against uniform pressure when 1 gm . of 
water at 100° C . is converted into steam. Express your result in calories. (All. 1918 ) 

Tha pressure at which 1 gm, of water at 100°C. changes in to steam is 
76 cmek. of mercury. This pressure = 76 x 13’6 x 981 dynes per sq. cm. 

When water is changed into steam, its volume is increased 1670 times. So 
the volume of steam formed out of 1 c.c. of water is 1670 c.c. Hence the 
- work done “ 76 x 13*6 x 981 x 1670 ergs. 


_ 76X13 6x981 x1670 
This is equivalent to 4*2 "x 10~ 7 ~ 


calories. = 40*52 cal. 


115. (a) Energy given out by Steam — The high value of the latent heat 
of steam shows that when steam condenses, a tremendous amount of heat is 
given out, some of which is converted into work as in the case of a steam 
engine (Art. 116). 

We have already seen (vide Art 53) that 1 lb. of steam in condensing at 
100°C. would liberate about 965 B. Th. U. units of heat, which would raise 
the temperature of 965 lbs. of water through 1°F. Each B. Th. U. is equivalent 
to 778 ftMb. of work. So the enery given out*= 778 x 935 = 750, 770 ft.-lb. 


This means that the above amount of energy which is liberated by 1 lb. of 

750 770 

steam is also derived by a mass of tons ^335 tons (nearly) in falling 

through 1 foot. So the same amount of energy must be necessary in boiling 
away 1 lb, of water. 

We have seen also in Art. 53 that 144 R Th. U. will be necessary in 
melting 1 lb. of ice, which is equivalent to 112,032 ft.-lb. This energy will he 
112 032 

liberated by a mass of - ^ ^ = 50 tons (nearly) in falling through 1 foot. 


HEAT ENGINES 


116. The transformation of mechanical energy into heat has 
aiready been explained. Now we shall deal with the reverse process, 
that is, the conversion of heat into mechanical energy. The machines 
by which this is done are called Heat Engines, which include the 
Steam Engines, Steam Turbines, Internal Combustion Engines, such 
as Oil Engines, Petrol Engines, etc. 

The Steam Engine 

In 1768 lames Watt of England invented the Steam Engine. The 
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Fig. 68 — Steam Engine. 

(l). A Boiler. — 

Steam is raised in this plant which may be either of the smoke-tube 
type or of the water-tube type. For engines of large horse-power, 
superheated steam at high pressure is 
produced by the boiler. The steam 
from the boiler is led through a tube 
into a chest, called the s team-chest or 
valve-chest. This supply-tube is provi- 
ded with a valve, called the stop-valve 
for regulation of steam. 


The steam or 


chest. — 



mmmmsmm 
Uf mnmn mmi 


Fig. 69 


It is a rectangular stout box (fig. 68) 
mounted on the cf/linder of the engine. It % SST 

has three openings or ports . The middle ^ f W 

one is connected with the exhaust pipe f| bn 

while through the two side ones the | 
steam chest communicates with the 
cylinder. These two communicating Flf? * 69 

ports are alternately closed and opened by means of what is called the 
Slide valve . 

(3J. The slide valve. — 

It has a variety of forms, D-valve (shewn in the figure), piston 
Valve, drop-valve, etc. Its function is to direct the steam into the 
cylinder through the two communicating ports alternately so that the 
piston which works in the cylinder is acted on from both sidest in turn 
producing a to-aud-fro (reciprocating) motion. It is provided with a 
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spindle driven by a connecting rod joined to an eccentric disc mounted, 
on the main shaft of the engine. 

(i). The cylinder and the piston. — 

A steam-tight piston usually of cast steel, works inside the 
cylinder which is a cylindrical vessel of high strength and which 
communicates with the steam chest through the two communicating 
ports. Its spindle called the piston rod works through a packing or 
stuffing box ^yith which the front end of the cylinder is provided and 
is joined to the driving rod at the cross-head which moves along a fixed 
grove in a guide producing a straight line motion. The driving rod is 
connected to the crank by the crank pin. The crank which is mounted 1 
on the shaft is a contrivance for converting the to-and-fro motion of 
the piston rod into a circular motion of the Bhaft. 

5. The fly-wheel. — 

It is a large and massive wheel mounted on the shaft. The turning 
effort of the shaft produced by the crank is not constant during a 
revolution. It is this fly-wheel which keeps the speed* of the shaft 
constant by smoothening down the variation by means of its large 
moment of inertia. 

6. The governor.-- 

On change of load, the speed of the engine must vary. To keep the 
speed approximately constant on all loads, a self-acting machinery 
called the governor , driven by the main shaft is used. It is connected 
by a system of levers to a regulating valve, one form of which is called 
the throttle valve. The revolving balls with which the governor is 
provided rise or fall according as the rated speed increases or decreases. 
This rise or fall of the balls operates a sleeve which communicates 
through the lever system with the throttle valve and accordingly steam - 
supply is so reduced or increased as to keep the speed constant. 

Principle of Action. — Here heat energy of steam is transformed 
into mechanical work through expansive action. 

High pressure steam from the boiler is led into the steam-chest 
whence it enters into the cylinder/ When steam enters the cylinder 
.through the lower steam port (fig. 69). the slide valve covers the 
exhaust and the upper port so that these two are put into communi- 
cation. The pressure of the steam due to its expansion action pushes 
the piston forward and forces out the cushion system on the other 
side through the exhaust. The movement of the piston rotates the 
crank shaft whereby the motion is communicated through the eccentric 
disc to the slide valve which moves opposite to the piston . The valve 
covers up the lower port and the exhaust by the time the piston 
rejfehes the forward end. The steam now enters through the upper 
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port and the same action as in the previous stroke occurs but 

* the motions are all reversed/ These two strokes, forward and back- 
ward forms a cycle of operations which is repeated successively. The 
to-and-fro motion of the piston is transformed into a rotatory motion 
of the shaft by means of the crank. Twice during each revolution of 
the shaft, onee at the top and again at the bottom of each stroke of 
the piston, the crank and the connecting rod are in the same straight 
line, when there is no turning effect on the shaft. These positions 
are called the dead centres or dead points. Again at two positions 
during each revolution, the crank is at rt. angles to the connecting 
rod when the turning effect is maximum. The heavy flywheel 
carries the shaft through the dead centre positions and smoothens out 
the variation of speed. The change of speed due to change of load on 
the engine is regulated by the governor which is driven by the main 
shaft Its balls rise or fall as speed increases or decreases. This rise 
or fall of the balls operates a sleeve which communicates with a 
throttle valve and accordingly steam supply is reduced or increased 
so as to keep the rated speed constant. It is called a Double-acting 
engine, as the 9team acts on both the faces of the piston. 

Condensing and Non-condensing Engines. — The engine in which 
the steam passing through the exhaust-pipe escapes into the atmosphere 
is called a non-condensing engine ; and the engine in which the exhaust 
steam is led into a vessel called a condenser , where it is condensed at a 
low temperature and pressure, is called a condensing engine. When the 
steam exhausts into such a condenser where the pressure is kept low, 
{i.e. not more than a pound to the square inch), the back pressure against 

* that end of the piston which is open to the atmosphere is reduced 
from 15 lb. down to 1 lb. and in that case the effective pressure, which 
the steam on the other side of the piston can exert, is increased. 

Single and#Double-acting Engines. — The engine, we have already 
considered, is a double acting one as here steam pressure acts on both 
side of the piston. In a single acting engine, steam pressure acts on 
•one side and atmospheric pressure acts on the other side of the piston. 

Efficiency of an Engine. --The thermal efficiency of an engine is 
■ measured by the ratio of the mechanical work done per hour to the ivorJc 
equivalent of the energy supplied by steam per hour . 


i.e . Thermal efficiency 


work units produced 
work units supplied by steam* 


The thermal efficiency of a good steam engine is not even more than 
*20%, and that of an ordinary locomotive is only about 10%. The 
mechanical losses of energy are mainly due to friction of the moving 
parts of the engine. 
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Any device, which can do work at the rate of 550 ft. -lbs. per , 
second, or- 33,000 ft.-lbs. per minute, is said to be of one ‘horse-power*. 
Thus a 10 H. P. engine will do work at the rate of (10 x 33000) ft.-lbs. 
of work per minute. 

117. Internal Combustion Engines. — The engines used in air- 
craft, motor-cars, oil-engines, etc., are known as Internal Combustion 
Engines , so named because the combustion of the fuel is carried out 
inside the cylinder of the engine, and not separately as in the boilers 
of steam engines. So internal conbustion engines occupy less room 
and are specially suitable for small power purposes. 

The general arrangement of the cylinder and piston in the case of 
internal combustion engines is almost the same as in the steam engine, 
but whereas in the steam engine the piston moves by the force of 
expanding steam, in the internal combustion engine the movement of 
the piston is produced by the explosive force generated by the com- 
bustion of a fuel, supplied in the form of a vapour, with air. The fuel 
used is either gaseous — such as coal-gas, town gas , etc, ; or a liquid, such 
as petrol, benzene, and alcohol etc., which are readily vaporised, and 
every one of which, when vaporised forms an explosive mixture with air. 

A gun firing a bullet is an example of a simple internal combustion 
engine. Here the spark produced by striking the horse against the 
cap explodes the powder and converts it into hot gases which drive 
the bullet with a great force. 

Principle of Action. — The internal combustion engines are generally 

four stroke engines, i.e. they require 
four strokes of the piston to complete 
a cycle of operations within the cylinder. 
There are also two-stroke engines which 
are often used in motor boats. But 
the engines commonly used in auto- 
mobiles, iero-planes, etc., are all four- 
stroke engines. The operations of the 
four-stroke internal combustion engines 
are understood by reference to Fig. 70. 

(1) First Stroke — ( Charging stroke). 
— The piston moves out-wards and 
draws into the cylinder an explosive 
mixture by air and gaseous fuel through 
the inlet valve E which then remain** 
open. 

(2) Second Strok ^-{Compression 



-jFig. 70. — Exhaust Stroke. 
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stroke ). — The piston makes its return stroke, i.e, moves inwards and 
compresses the explosive mixture, the valves (Admission valve E and 
Exhaust valve D) being closed. 

(3) Third Stroke. — {Working stroke). — At the beginning of tbis 
stroke, the mixture is ignited by electric spark and explosion occurs. 
The piston is driven outwards by the expansive action of the gases, 
and energy is communicated to the fly-wheel for the engine to do work. 

(4) Fourth Stroke. — {Exhaust stroke). — The piston moves inwards 
and spent gases are forced out of the cylinder through the exhaust 
valve D which then remains open. 

In the above sequence of operations, which is called a cycle, the 
engine is fired only once in the course of two forward and two back- 
ward motions of the piston. For this reason, an engine working on 
this plan is called & four-stroke engine. 

The Petrol Engine. — There is no difference in principle between a 
petrol engine* and any gas engine, 
but the former is more compact and 
light. So petrol engines are com- 
monly used in motor-cars and air- 
ships. In Fig. 71 is shown the 
diagram of a petrol engine where 
there is a piston working in a cylin- 
der as in a steam engine. Above 
the ' cylinder there is a chamber 
, called combustion chamber, where a 
mixture of air and petrol vapour is 
ignited by means of electric sparks 
from sparking plugs fitted into the 
chamber. The • entry of the fuel 
into the chamber by the inlet pipe 
and exit of burnt gases by the exhaust 
pipe are controlled by two valves 
(7 X and 7 a ) of mushroom type held 

• down on their seats by springs and 
lifted at proper moments by cams 
(C x and C 2 ) fixed on a rotating shaft 
driven by the engine itself. The cylinder is water-jacketed in order 

• to prevent the temperature rising beyond about 180°F. 

• The explosive mixture of petrol vapour with a correct proportion 
of air is formed in an arrangement known as a carburettor, and air 
charged with petrol vapour is said to be carburetted. 
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The current for the ignition of the charge is supplied by a magneto 
which is a magneto-electric machinery driyen by the engine itself. 

A petrol engine, as in a motor-car or aro-plane, is provided with a 
bank of cylinders, usually a multiple of two. The pistons of all the 
cylinders contribute their efforts to the same main shaft through 
their individual cranks (which are fitted on the shaft at t equal angular 
intervals). 

The Gas-Engine.— A Gas Engine employing about one part by 
volume of coal gas and eight parts of air works like a petrol engine and 
is driven by properly timed explosions of the mixture of gas and air 
occurring within the cylinder. The ignition of the explosive mixture 
is effected by contact with the hot walls of a metal tube or by means 
of an electric spark. 

A Gas Engine and a Steam Engine compared. — Though the fuel 
used in a gas engine is comparatively expensive, still a gas engine is 
better for the following reasons ; — (a) its efficiency is much higher than 
that of a steam engine : ib) it occupies smaller space and it is free from 
smoke. 

The Oil Engine. — In an oil engine , the oil which is used as fuel is 
supplied in the form of spray into a vaporiser tube— a red-hot metal 
tube, and at the same time air is also admitted there. The oil is con- 
verted into vapour, and the mixture of vapour and hot air explodes 
either with or without the help of a spark. Hot gases are produced in a 
small space due to which the pressure becomes high, and so the piston 
is drawn with considerable force. 

In Diesel Oil Engines, named after the inventor, the cycle of 
operations works in the following way : — 

At the first stroke air only is sucked in at a pressure less than the 
atmospheric pressure, and at the second stroke the air is very strongly 
compressed, keeping all the valves closed, so that much heat is deve- 
loped within the cylinder. At the beginning of the third stroke , oil 
in the form of vapour is injected at very high pressure into the cylin- 
der, which coming in contact with the intensely heated air of the 
cylinder takes fire spontaneously. Aftor this, the volume expands and 
work is done. During the fourth stroke , the exhaust opens and the 
burnt gases escape. 

Examples. — (1) An engine cnnsutnes i lbs . of coal per horse-power per hour . The 
heat developed by the combustion >f 1 Ih of coal ts capable of converting 15 lbs of 
water at 100*C. into steam at 100 9 C. What percentage of the heat produced is 
wasted ? • 

The heat produced per hour = 4 x 15 x 586 pound-degree-oentigrade units. 
The work equivalent to this helat s, *4 x 15 x 586 x 1400. (•/*= 1400 ft.-lbs. per 
popndtdegree-centigrade unit) 
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The work done by the engine in 1 hour* 33000 X 60 ft.-lbs. 

, * (1 H. P.» 83000 ft.-lbs. per minute). The efficiency of the engine 

388 4 ^ or 4‘3 per cent. That is, 4‘8 per cent, of heat 

4 X lo x odo x 1 400 

produced is converted into work. 100 - 4’3 = 95*7 per cent, is wasted. 

(2) What would be the. horse-power of a steam-engine which consumes 2 lbs. of coal 
per hour assuming that all the heat supplied is turned into useful work ? (1 Ih. of 

' coal gives 125000 B . Th . U., each of which is equivalent to '/?() ft.-lbs,) 

Amount of heat available per hour* (12,5000 X200) B. Th. U. 

Equivalent amount of work* 12,5000 X 200 x 770 ft.-lbs. per hour. 

. w i, , . . 125000 x 200 x 770 .. n 

. • Work done per minute * ^ - ft.-lbs. 

TT 125000X200X 770 

‘ Horse-power ^ - - 972 (approx.). 


Questions 


Art. 110. 

1. Explain what is meant by saying that heat is a form of energy. 

(Pat. 1926 ; I)ac. ’28 ; ’30 ; C. U. ’41) 

2. Give an outline of the arguments which lerl to the conclusion that heat 

is a form of energy. (Of. C. U. 1937 ; All. ’18, ’32) 

Art. 111. 

. 3. Explain why does a falling body become hotter when it strikes the 
ground (Dac. 1927) 

4. Explain why does a bi-cyle pump get heated when the tyre pumped ? 

(Dac. 1932) 

5. Describe experiments to establish the connection between heat and 
work and deduce from them the idea of mechanical equivalent of heat. 

(Dac. ’27 ; Pat. 1930, ’42) 

6. State the First Law of Thermodynamics. What experiments would 

you perform to demonstrate the truth of the Jaw ? (Pat. 1932. ’42) 

7. A mass weighing 2000 grammes falls from a height of 800 cm. If all 

the energy is converted into heat, find the amount of heat developed, (Mecha- 
nical equivalent of heat* i’2 x 10 7 ). (C. U. 1920) 

[ilns : 14 calories.] 

Arts. Ill ft 112. 

* 

8. Define mechanical equivalent of heat. Describe a method of fifiding 
■ it experimentally. (Dac. ’27 ; All. 1916, ’17, ’24, ’28 ; C.U. 1986, ’89, ’41 ; 

Pat. 42, ’44). 
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9. Calculate the difference in temperature of the water at the top and' 
the bottom of a waterfall where the height is 200 metres. 

[Ana: 0*46°C.] 

10. An engine of 1 horse-power is used in boring a block of iron of mass 
1000 lbs. Assuming the whole of the work done by the engine is used up in 
heating the mass of iron, calculate approximately the rise in ‘temperature of 
the iron after the engine has been working for 20 minutes. (The number of units- 
of work required to raise the temperature of 1 lb. of water 1°F.*772 ft.-lbs. 
The sp. heataf iron = 0*1 ; 1 horse-power* 550 ft.-lb. per sec.) (C. U. 1909) 

[Ann : 8°'54F.) * 

11. (a) Calculate the work done by a gas in expanding against a uniform 
pressure. 

(b) A ball of iron has its temperature raised through 0'6°C. through a 
faltof 25 metres. Calculate the value of J. (All. 1918)* 

[Ans : 4’09 X 10 7 j. * 

Art. 112. 

12. A tube 6 ft. long containing a little mercury, and closed at both 

ends, is rapidly inverted fifty times. What is the maximum rise in tempe- 
rature that can be expected ? (sp. ht. of mercury*^ ; 1 B. Th. U. is equi- 
valent to 778 ft.-lbs). (L. G. S .)• 

[Ana : 11°*6F.] 

13. A block of ice is dropped into a well of water, both ice and water 
being at 0°C. From what height must the ice fall in order that one-fiftieth of 
of it may be melted ? 

[Ana : 685*01 metres approx.]. 

Art, 113 

\XH Two balls of equal weight, one of india-rubber, and the other of soft 
clay, are dropped on to a hard floor from the same height. Which would develop- 
the greater amount of heat by impact on the floor ? (L. M.) 

[Hints.— -Though K. E. of both on reaching the floor would be the same, 
the amount of heat developed by soft clay would be greater as it would 
remain on the floor when the energy would be converted into heat. The 
Rubber ball would at once rebound and so a large amount of its K. E. would be 
used up in overcoming g when going up ] . 

Calculate the velocity of a lead bullet on striking an unyielding target 
iftne temperature rises 200°C. and the whole of the heat generated by the 
impact remains in the lead. (Sp. ht. of lead is 0’08.) (C. U. 1937. ’41, ’44.) 

\Ana : 22'45 x 10 3 cm. per sec.] 

16. Explain why is it that while the value of the latent heat of water is 
less when expressed in terms of the Centigrade scale than when expressed In 
terms of the Fahrenheit scale, just the opposite holds in the case of numerical 
values of the mechanical equivalent of heat. (C. tj. 1937)' 
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Art. 116 

’ 17. Describe the principle and action of a steam engine giving a sectional 
diagram. (Pat. 1931 ; ’SB ; C. U. 1923, ’25, ’88, ’39 ; Dac. ’30) 

18. Describe, with a neat diagram, any form of a modern petrol engine. 

How does it act ? (C. U. 1933 ; *37)> 

19. A petrol engine uses every hour 1 lb. of petrol, which produces 22000* 
]). Th. U. of heat, and has a efficiency of 30 per cent. What is its H. P. ? 

(1 H. P. = 33000 ft.-lbs. per min. and 1 B. Th. U.»"778 ft./lbs.) 

[Am : 2'593 H. P.] 



PART III 

SOUND 

CHAPTER I 

Production and Transmission of Sound 

1. Definition of Sound.— Sound is a kind of sensation received 
l by means of our ears and carried to the brain which is responsible 
for the perception. The external cause • which produces such sensa- 
tions is a form of energy. 

Acoustics is that branch of Physics which deals with the study of 
the nature and propagation of sound. 

Whenever any sound is produced, on tracing its origin it will be 
found that it is due to the vibratory movement of a 'material body. 
The vibrations may usually be too rapid to be seen by our maked eye, 
but we can feel their existence by touching the source. When air is 
blown through a whistle, a nail is struck by a hammer, or ammunition 
explodes through a gun, we have instances where sounds are produced 
by matter in motion. 

Expts. — (l) When we strike a metal vessel we hear a sound, and 
the indistinctness of the outline of the vessel 
shows that it is vibrating. By touching the 
body the vibrations are stopped, and sound 
also is stopped at the same time. 

Pour water in a wide-mouthed thin- 
walled glass-tumbler until # it is almost full 
and keep a pith ball suspended by a fine 
tlnead in touch with the rim of the vessel 
(Fig. l). On bowing the edge of the tumbler 
with a violin bow, ripples will be produced 
in the water, and the pith-ball will be observ- 
ed to jump forward, by receiving a series of 
shocks from the rim on coming in contact 
with it, proving that the vessel is in a state 
of vibration. 

A tuning-fork — a U-shaped steel bar 
provided with a handle at the bend of the U 
*(Fig. 2) is taken and is made to vibrate by striking one of its prongs 
pu the knee or on a hard cushion. It produces a musical sound. It 
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is than brought into contact with a pith-ball suspended by a thread, 
w ben the pith-ball will be thrown into vibration, 

(III) On examining the string of a sounding violin it will 
be found to have a blurred outline due to its to-and-fro vibra- 
tory motion, which can be detected by placing a F-shaped 
paper rider on the string. 

Thus a body must be made to vibrate in order to emit a 
sound, but, even when it is vibrating, the sound cannot be 
received or heard unless the mechanism of the ear also vibrates. 

We receive sound by the vibrations of a membrane in the ear, 
called the ear-drum t and these vibrations are transmitted to 
the brain and interpreted as sound. 

It should be, however, noted that the rate of vibration 
must lie within a limited range in order to produce an audible 
If the rate falls below about 30 per second or goes above 40,000 per 
second, the sound becomes inaudible. 

2. Propagation of Sound. (Medium necessary). — In order that 
sound may bo heard, the disturbance from the source must be carried 
to the ear through a space. This space is spoken of as the medium . 
Air is the usual medium through which sound travels, but it can also 
pass through any other material medium provided it is elastic and 
continuous. Thus an observer placing hie ear against a continuous 
iron rail can hear distinctly even slight taps, given on the metal 
several hundred yards away. The ticking sound of a watch held 
agaist one end of a table is heard clearly by applying ear to the other 
end of it. Again, a diver within water distinctly hears any sound 
produced in water or in air. Sound cannot , however , travel through a 
vacuum and, in this respect, it differs from light which can easily pass 
through a vacuum. Light is propagated through a non-mafceriarmedium, 

called the ether, whereas sound.* 
requires a material medium. 

That sound requires a 
material medium for its 
propagation and cannot 
travel through a vacuum may 
be demonstrated by the 
following experiment. 

Expt. — An electric bell! 
(Fig. 3) js placed inside the 
receiver of an air-pump . and 
worked by a cell placed out- 
side the jar. The bell is sus- 
pended inside the receiver by 




Fig. 2 - 
Tuning 
fork. 

sound. 


Fig, 8 
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means of a book passing through a rubber stopper fitted tightly into 
the neck. The sound of the bell is distinctly heard so long as there ’is 
air inside the receiver, but as the air is gradually pumped out, the sound 
grows fainter and fainter, finally becoming quite inaudible. On 
re-admitting air, the intensity of the sound increases again. 

It must also be noted that for the propagation of sound, not only / 
the medium must be a material one but also it should be elastic and | 
continuous. Non-elastic substances are not able to transmit sound to 
a great distance as the energy is dissipated very quickly. Again non- 
continuous substances, such as sawdust, felt, etc., are bad conductors 
of sound. 

3. Requisites for Propagation of Sound. — 

(i) A vibrating source to emit sound, (ii) A medium to trans- 
mit the sound ; the medium must be material, elastic and continuous. 
(Hi) A vibrating receiver to receive the sound. 

4. Mechanism of Sound Propagation — Let us ( examine the 

method by which sound is actually propagated through air. Suppose a 
body is struck. As a result of this, every particle constituting the 
body begins to vibrate — that is, to move to-and-fro, to a nearly equal 
distance on both sides of its mean position of rest. During this state, 
each of the extreme particles of the vibrating body in contact with air, 
at the time of moving to-and-fro between its extreme positions, strikes 
the line of air particles in contact with it, and starts them moving to- 
and-fro. These air-particles in their turn strike the particle beyond 
them, and set up similar vibrations in them, and this goes on from 
particle to particle. In this way a chain of vibrations is set up from 
the sounding body, each particle on the way begins to vibrate when it 
is struck by its neighbour, and in its turn strike its next neighbour, 
until the vibrations reach the ear of the listener producing a sensation 
of sound. ' 

To consider it more closely, suppose a tuning-fork is vibrating. 

B is the position of one prong of it when at rest, and C and A being 
its two extreme positions on either side (Pig. 1). The time taken by the 
prong to move from one extreme position to the other and bach again to 
the first position , i. c . from A to C and hack , is - called the period of 
vibration. Now, as the prong is moving from A cowards C, it presses 
the air-particles in front of it, which in turn press their neighbouring 
particles, and this pressure passes on to the successive layers of the 
medium. So considering the effect of the movement upon a column 
of air on the right-hand side of the prong, it will be seen that, by the 
time the prong reaches C, the air-particles between A and some 
point C will be compressed, and thus a pulse of compression will 
/Jfcqve forward with the velocity of sound. Again, during the back 
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stroke when the prong moves backwards from G to A, it 
tends to leave a partial vacuum behind it, due to which 
the: layer in contact, being relieved of pressure, expands on the 
side of the prong and the pressure is consequently diminished. 



Fig. 4. — Propagation of Sound-waves. 

Each succeeding layer acts in the same way and a rarefaction pulse is 
handed on from layer to layer, travelling forward with the same 
velocity as that of the compression pulse. This goes on upto the time 
the prong takes to reach A. During the time taken by the prong to 
travel from 0 to A , the compressed pulse has travelled onwards, and 
occupied a reigion A ' C" [Fig. 4Ui)J equal to A d in Fig. 4 (i), which is 
now occupied by the rarefied pulse (Fig. 4 n). So in a complete period 
•of vibration of the prong, the disturbance has travelled upto G\ one 
half of which ( A' C' # ) is occupied by a compressed pulse , and the other 
half (A A') by a rarefied jml.se. A compressed pulse followed by rarefied 
pulse % together forms a complete sound-wave. The amount of compression 
or rarefaction is not, however, equal at all points in the complete 
wave, though the compressed and the rarefied pulses oqcupy equal 
lengths in the air column. The reason is that the pressure ^communi- 
cated by the prong to the air at any instant depends on the velocity 
of the prong which varies from instant to instant in course of a period 
of vibration. The velocity of the prong being maximum at the mean 
position and zero at the extreme positions, the compression or the 
rarefaction is also maximum in the middle and zero at the ends of a 
zone of compression or rarefaction, as shewn in fig. 4 {ii). If the 
‘displacements of the particles comprised in a wave at any instant 
of time be plotted in the ordinato against their distances as 
abscissa, the graph assumes the form of a wave. That is why 
a sound-wave is so called. The Wave-length is the distance 
''Covered by one compression pulse and a rarefaction pulse together i.e . the 
distance through which the disturbance travels in a period of vibration of 
the source. It is to be noted that each particle in the medium of 
propagation passes through all the phases of vibration as depicted in 
one wavelength in sound-w%yes. 
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When a body is sounded in a homogeneous medium, alternate 
pulses of compression and rarefaction start out in succession in aQ 
directions travelling with the same velocity. These pulses are like 
so many spherical shells of equal thickness spreading out with an 
expanding radius with passing of time (fig. 5J. 

They are analogous to the circular waves caused around a stone 
thrown into a calm sheet of water. Here a series of circular waves 

having alternate depressions 
and elevation are generated. 
They appear and disappear 
in a periodic time in succe- 
ssion. The depressions 
are called the troughs and 
the elevations the crests . 
They also spread out with 
an expanding radius till 
they reach tlje bank. The 
trough and the crest respec- 
tively correspond to the 
maximum rarefaction and maximum compression states in propagation 
of sound through a medium. The difference between the two cases is 
that a particle on the wator sheet is displaced up and down at rt. 
angles to tho path of propagation of the disturbance which travels 
along the surface towards the bank, where as a particle in the medium 
of propagation of sound is displaced to-and-fro along the same* path in 
which the sound travels. That is, water-waves are transverse while a 
sound-wave is longitudinal. 

The alternate compressions and rarefaction of air produced by the 
source of sound travel out in all directions and impinge upon the 
membrane of the ear, which vibrates exactly in unison with the source. 
The motion of the membrane is communicated to th'e brain by the 
mechanism of the ear and perception of the sound is caused. 

5. (a) Graphical Representation of a Sound Wave.— Let a 
serits of dots in Fig. 6(a) represent a row of undisturbed particles of 
air. When a sound wave 
passes along this row, the 

particle in certain por- undisturbed Medium 

tions of the row will, at a 

given instant, come closer (aj 

(i,c. compressed), and in 

certain other portions mSVTV 

dra^frn further apart (i.e. ^ 

rarefied), as represented 

in fig. 6(6). Fig. 6 
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The condition of these air-particles may be graphically represented 
by the curve NA'B'C' (Fig. 7a), where the upper portions A\ O', E f t 
etc. represent the compressions and the lower portions B\ D\ etc. 
represent rarefactions. It is to be remembered that in a sound-wave the 
actual motion of the individual particles is in the direction NN , 
and not perpendicular to this direction, as in the case of water-waves 
or light- waves (see Fig. 9). 

Fig. 7 (6) illustrates the condition of the air in a horizontal column 
in front of which a tuning fork is vibrating and due to which a series 
of sound-waves, both rarefied and compressed, produced by the fork, is 
maintained. In the darker portion [i.e. A , C, E] of Fig. 7 (b) the 
particles of air are crowded together. So A, 0, E represent the con- 
densed portions of the wave. Similarly the lighter portions, B , D 
represent the rarefied 
portions of the vaves. 

Fig. 7 (a) represents 
a sound-wave corres- 
ponding to the different 
conditions of air-parti- 
cles in the tube Thus ||| 

A' which is a crest of I j 
the wave represents the (J 
greatest compression | 
corresponding to the _ w . .. , a , 

position A in Fig. 7(6) ; Flg - 7 -Representation of a Sound-wave. 

and B' which is a trough of the wave represents the maximum rare- 
faction corresponding to the position B in Fig. 7 ( b ). It is to bo 
noted that each particle in the column of air will pass through all fcho 
phases of vibratiqn shewn in the graph during one period of vibration 
of the fork. 

Similarly C\ D\ E f in Fig. 7 (a) represent positions corresponding 
to 0, D, E in Fig. 7 (6). In the upper figure NA'N, NC'N and NEN 
represent compressed waves, and NB'N , ND'N, represent rarefied waves*. 
So NA'B'N, A'B'G\ NB'CN , etc., each of which consists of one com- 
pressed and one rarefied wave represents one complete sound-wave. 

(b) Demonstrations of Longitudinal Waves.— The propagation 
of longitudinal waves can be conveniently illustrated by a spiral spring 
expended horizontally with threads from two parallel bars AB and 
A'B‘ shown in Fig. 8. On pushing the end A of the spring suddenly 
forward, # the nearest turns are compressed and the compression, is 

24 
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seen to move forward along the coil with a certain velocity towards 

the other end, each turn mov- 
ing forward a little when the 
compression reaches it. This 
represents the state of the 
layer of air-particles when 
a wave of compression travels 
through it. Again if the end 
A be suddenly pulled out- 
wards, the end turns will be 
separated from each other and 
this state of rarefaction, as we call it, is seen to be travelling along 
the coil to the farther end, each turn of the spiral moving backward 
a little when the extension reaches it. This represents the state of 
rarefaction travelling through air. 

Thus if one end of the coil be alternately pushed forwards and 
pulled outwards in a periodic manner, longitudinal wave-Tflotion of 
compression and rarefaction will be seen to travel along the spiral with 
a constant velocity. Each particle of the spring executes a to-and-fro 
movement in the line of propagation of the pulse, but is not transferred 
from one position to another. In the same way, at the time of pro- 
pagation of sound through air, the particles of the air only move about 
their mean positions of rest, and are not bodily transferred from one 
place to another. It is the wave-form, or a succession of compressed 
and rarefied pulses, that travels forward For this reason a blast of 
air is never felt to spread outwards even due to a loud report o£ 
a cannon. 



Rarefaction Cbmfereasion Rarefaction 
Fig. 


Questions 

Art. 1, 

1. Describe experiments which prove that sound is due to vibrations. 

(Pat. 1921, ’32, ’33) 

Art. 2. 

2. Explain, why a medium is necessary for the propagation of sound 

and describe any experiment to prove the statement. (C. U. 1934.) 

8. Discuss as far as you can the nature of vibrations in air when sound 
is transmitted through it. (Pat. 1930 ; C. U. ’19, ’26.) 

4. Explain as far as you can, the mode of propagation of sound through 
air. (C. U. 1911, ’18, *20, ’24, ’26 ; Cf. Pat. 1918, ’31; ’46.) 


CHAPTER II 


Wave-Motion : Simple Harmonup Motion 

6. Wave-Motion — Every one is familiar with the circular 
waves when a stone is thrown into still water. The waves consisting 
of a series of crests and troughs travel outwards from the centre of 
disturbance in over- widening circles. But if some pieces of cork or bits 
of paper floating on the water, are carefully watched, it will be found 
that the floating objects, and therefore the particles of water, are only 
moving up and down, and that they do not travel outwards with the 
waves. Tt should he noted also that they rise and fall, not together 
bu*- in succession, one after the other, showing that when waves pass 
over water, each separate particle of the medium must perform the 
same movement, not simultaneously, but each one a little later than 
the one preceding it. It is the wave-form which travels forward, 
while every particle of the water moves up and down about its means 
position of rest. Similarly when a wave crosses a cornfield, the tips of 
the corn blades do not move forward ; the form of the wave only moves 
forward. The vibratory mo’ ion of a series of particles through a 
medium constitutes what is called a wave-motion. 

Th.us we find that a wave-motion in water is, in fact, a particular 
state of motion handed on from one portion of water to another. 

The water-waves are thus a kind of progressive waves. 

In the case of water-waves, the motion of the water particles is 
at right angles to the direction of propagation of the waves. Such a 
wave is called a Transverse wave. 

The other type of wave, as we have seen in Art. 4 in which the 
vibratory motion of the particles of the transmitting medium is along 
the line of propagation, is called a Longitudinal wave. This is a 
wave of compression and rarefaction. Sound-waves in air , or in any. 
other fluid, are longitudinal, while radiant waves in ether, such 
as heat-waves and light-waves, are transverse. The electrical waves 
fc~used in wireless telegraphy and telephony are also instances of 
transverse wave-motion. 

It .should be noted that gases can transmit only longitudinal 
typis of wave-motion , because there being no cohesion between the 
molecules of a gas, transverse waves cannot be formed at all in gases, 
but solids, and liquids can transmit both longitudinal and transverse 
waves. 
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Illustration . — In Fig. 9(a) 

H H H H H 

c (a) D 


«>) 

Jig. 9. — Illustration of Transverse 
and Longitudinaf Wave Motion. 

motion of each particle will be 1 
the line of propagation (CD), [F 


B represent a row of particles trans- 
mitting a traverse wavo. As th6 
wave passes, each individual particle 
of the medium will move up and 
down at right angles to the line AB 
(as shown by the . double-headed 
arrow) along which the wave is 
propagated. 

When a longitudinal wave passes 
along such a row of particles, the 
i-and-fro about a mean position along 
!. 9(6)1. 


7. Some Important Terms.— 

Frequency.— The number of complete vibrations made by a 
vibrating body in one second is called the frequency of the vibration. 
Thus, if n denotes the frequency of vibration, and T the j)eriodic time 
of a vibrating body, we have, 1 ; or, w = 1 IT. 


Amplitude. — It is the maximum distance or displacement to 
which a vibrating body moves from its position of rest during a vibra- 
tion. In Fig. 13, BG or BD is the amplitude of the oscillating bob of ' 
the pendulum. (In Fig. 10, FE or GII is the amplitude). 

Phase. — The phase of a vibrating particle at any instant is the 
state of the particle regarding its position and direction of motion in 
the path of vibration at that instant. Two particles moving exactly m 
the same way are said to be in the same phase , that is, particles which 
are at the same distance from their positions of rest, and are moving 
in the same direction, are said to be in the same phase. Thus, any- 
thing by which the direction of motion and displacement of a vibrating 
particle can be specified will be a measure of its phase at that time. 

A water-particle A (Fig. 10) at the highest point of the crest of 
a water-wave is in the same 
phage with the partiole B at 
the highest point of the next 
crest, and no other particle 
between these two positions are 
in the same phase. 

Phase may be expressed in 
three ways.— (t) By the fraction of the period that has elapsed since Hie 
vibrating body passed across the mean position of rest in a given direction . 

Thu* in Fig. 13 the phase of the oscillating bob at Q in the 




wave-length ~ ^ crpjf 



Fig. 10 
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direction BC is expressed by i T , and at D in the direction BD by 
I T, when B is its mean position of rest. 

(ii) By the angle (as 9 in Fig. 11) traced out by the generating 
point with reference to either of the co-ordinate axes (see Art. 9). 
Thus, the phase of the vibrating particle M is denoted by the angle 0 
{Fig. 11) traced out by the generating point P rotating about the 
circumference of the circle. Again it will be observed that the phases 
90° and 450° are the same, while phases 90° and 270° are opposite 
to each other. 

(tit) The phases of two points on a wave are also expressed 
by their path difference, i.e. by the fraction of the wave-length. In 
Fig. 10, A and B are in the same phase, and A , C are in opposite 
phases, their difference in phase being half the wave-length. 

Wave-length. — It is the distance through which the wave motion 
travels in the 'time taken by a vibrating body or any one of the parti- 
cles of the medium to make one complete vibration. It can also be 
•defined as the least distance between two particles in the same phase 
of vibration. 

In the case of a transverse wave the wave-length is the distance 
between one crest (or trough) and the next crest (or trough ), as A B or 
CD in Fig. 10. In the ease of a longitudinal wave it is the length 
occupied by a pulse of compression and a pulse of rarefactiou % as AC or 
BD in Fig. 6. 

Wave-front. — It is defined as the trace drawn through all the 
points on a wave which are exactly in the same condition regards 
displacement and direction of motion i.e. in the same phase. Thus, a 
surface drawn along the crests of a water-wave is a wave-front and also 
a surface drawn along the troughs would be another wave-front. 

In a homogeneous medium a wave generated at a point travels out 
.in all directions around the point with the same velocity. At any 
instant of time, the wave-motion lies upon the surface of a sphere 
whose centre is the generating point and radius equal to the product 
of the velocity and time. On this sphere the particles are all in the 
. same phase of motion. This equi-phase surface is the wave-front at the 
tyne. At a very long distance from the source of disturbance, the 
spherical surface', over a limited region, may be treated as plane. So thp 
wave-front may be taken as plane if the source of disturbance is at a 
very long distance. 
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Period,— The period of vibration is the time taken by a vibrating 
body to execute one complete vibration, 

(a) Velocity of Sound-Waves — It is measured by the distance 
travelled over by a sound-wave in one second. If the Greek letter X 
(pronounced “lambda”) denotes the wave-length of a sound wave, and 
n the frequency of vibration, then in one second there will be n com- 
plete vibrations, and for each vibration the wave travels forward through 
a distance X. Therefore the total distance travelled in one second = tzX. 
Hence, if V be the velocity of propagation of the wave, we have, F=nX 


A~nl(Vn 1 ) 


a . ... distance travelled Tr X l 

Agam, Telonity V ~ T ~T 

^Examples. — I. A body vibrating with a constant frequency sends wares 10 an. 
Jong through a medium A and V> cm Jong through another medium B. The velocity 
of the waves in A is 90 cm. per sec. Find the velocity of the wares in Ji. (C. U. 1931) 


Let Fbe the velocity of the wave in B. Since velocity "frequency x wave- 
length, we have 90 = w, X 10, where v is the frequency of vibration. n = 9 per 
second. Again, for the medium B , F*»w X 15 (?? being constant in both the 
cases) = 9x15 = 185 cine, per sec. 

y/2. If the frequency of a tuning fork is 400 and the velocity of sound in air is 320 
metres per second, find how far sound travels when the fork executes 30 vibrations. 

( C . U. 1913 ) 

In one second the sound travels 320 metres when the fork executes 400 
vibrations. In the time taken by the fork to execute 30 vibrations, the 

sound travels x 80= 24 metres. 

400 

8 Simple Harmonic Motion. — A vibration is a motion which is 
continuously repeated and if the same series of movements is repeated 
at regular intervals of time, the motion is said to be periodic. Thus 
the motion of a particle continuously moving round a circle or an 
ellipse in a constant time is said to be periodic , and, in this sense, the 
motion of the earth round the sun is periodic. The simplest typo of 
periodic motion is that executed along a straight line by a particle 
moving to-and-fro. This is called the Simple Harmonic Motion (also 
written S. H. M.). To understand the nature of a particle executing 
simple harmonic motion, let us imagine a particle P (Fig. 11) moving 
round a circle with uniform speed. The particle P is called the 
generating point and the circle XYX Y' round which it moves is known 
as the circle of reference. • Q 

Let PM be a perpendicular dropped from P on the diameter ■ 
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XX' of the circle. Now as P moves round the circle in the direction 
gf the arrow and describes a complete 
revolution, the foot M of the perpendi- 
cular PM moves to and-fro along the 
diameter XX ' from the starting point 
upto X, then back to X, and then back 
to the starting 'point M . 

This to-and-fro movement of M 
along XX' continues as P moves round 
the circle with uniform speed. The 
motion of M is known as simple har- 
monic motion. Thus a particle may be 
said to be executing a Simple Harmonic Motion when it moves 
to-and-fro along a straight line, so that it describes each com- 
plete movement in the same constant period of time 

[Note. — The use of the term harmonic arose on account of the fact that 
the study of this was first, made in connection with the study of musical 
vibrations.] 

9. Equation of a Simple Harmonic Motion.-- In Fig. 11, XPX' 
is a circle of radius OP which is equal to, say, a. Let P be a point 
which is travelling in tho direction of the arrow round the circum- 
ference of the circle XY P with uniform speed, and let XOX ' and YOY ' 
be two diameters at right angles to each other. Let T be the period, 
i.e. the ‘time for one complete revolution of P, and its angular 
velocity, i.e. the angular distance through which the radius OP 
•revolves in 1 second. Then (see Art. 26, Part I), 

©r* 2^; or ... . ... (l) 

c ’* 

As P movea round the circle, the point the foot of the 
perpendicular drawn from P on XOX\ moves in S. H. M., and the 
frequency of vibration of M is the same as that of the point P. Hence 
the frequency of M t n = 1;T. 

Let the time be counted from the instant when M is passing 
through its mean position 0 in the positive direction (i.e, from left 
to right w r hen it is crossing the line OY ). Let t be the time which 
has elapsed since M was last at 0, i.e. the time taken by OP to make 
an ^ angle 0 with OY. The angle 0 is called the phase of the vibrating 
particle M at that instant. 

Then, 0-w£. We have, ^^cos POM** cos (90-0) — sin 9 



Fig. 11 
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The displacement x of P ( i.e . OM)** OP sin 0- a sin 0 ... (2) 

.2 * 

“a sin sin y. i... , from... (1) 

— a sin 2nntf, where w is the frequency. 

N. B. If time is recorded from an instant the generating point P 
is on the left of Y ( i.e M is also on the left of 0) to such an extent 
that the generating line OP makes an angle < with 0Y t then 0**a)£-x. 
That is, x^a sin («>/-*). This which is the phase at the commence- 
ment of time , is called the Epoch. 

The greatest value of sin 0 is unity, hence the maximum value of 
x is a, which is, therefore, the amplitude ot vibration. Thus the 
displacement has a positive maximum value at x when 0 ■*» 90° and a 
negative maximum value at X' when 0 = 270°. 

The displacement of a body executing a S. H. M. is always given 
by an equation like (2). * 

10. Velocity and Acceleration of the Point. — 

Velocity. — The velocity of M at any instant along XX ’ is the same 
as the component of the velocity of P parallel to XX! (Fig. 11.) Let 
PD be the tangent at P, meeting XX at D. The linear velocity of P 
at any instant is equal to v and is along the tangent PD. The com- 
ponent of v parallel to XX' i.e. in the direction OD = v cos PDO = 
v sin POD ■= v Bin (90 - 0) — v cos 0 ... ... (3) 

Thus the velocity of M is zero at X, where 0*90°, (cos 90°*= 0), 
and also at X, where 0*270°. The velocity is a maximum at 0, 
where 0*0, and cos 0“1 (the maximum valuo of cos 0), and also 
it is a maximum in the negative direction when 0*180° ; and, after 
a complete swing, when 0 * 360°, the velocity is again a maximum 
in the positive direction. Thus in one complete oscillation the velocities 
of M are zero at the ends of the swing, i e. at X and X\ and maximum 
when passing through the origin. At 0 the velocity of M is parallel 
and so equal, to that of P. 

Acceleration — It has been shown in Art. 46, Part 1, that the 
acceleration of P is directed towards 0 i.e. in the direction PO, and is 
equal to v*/a. The acceleration of M is the component of the accelera- 
tion of P along OX, Hence the direction of the acceleration / of M is 
towards 0 and is given by 

9 2 

/* V - cos 'POM 9 * V - sin 0 
a a 


... ( 4 ) 
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But because v is the linear velocity of P which describes the dis- 
tance 2 na in time T, we have 2 na^vT 
2 n 

or, from (l) ^ ,a = u>a or v 2 1 s w 2 a 2 


from (4) f /“«> 2 a sin 0 = <^ 2 


Hence, 


acceleration of M 
displacement of M 


x displacement 
2 

& 8 ■* a s a constant. 


(5) 


Thus, wfeen a particle is describing a S. H M,, the ratio of its 
acceleration to its displacement is constant , that is , w/iero a prrticle (M) 
executes a S. If. M , its acceleration is proportional to its displacement 
(0M) t and is directed towards a, fixed point (0) in the line of vibration . 


The acceleration of M depends upon the sine of an angle just as 
displacement does and so the maximum and minimum values of 
acceleration occur exactly at times like those of displacement. 

11. (a) Characteristics of Wave-motion — 


Regarding the characteristics of wave-motion three points are to 
be noted. — U) It is the disturbance which travels forward and not any 
particle of the medium. 

(?i) The movement of each neighbouring particle begins a little 
later than that of its predecessor, or, in other words, there is a definite 
phase difference between two neighbouring particles. 

(/>)■ Characteristics of a S. H M. — (/) The motion is periodic. 
(ii) It is a vibratory (to-and-fro) motion, {in) The motion takes place 
jn a straight line. 

(*?>) The acceleration of the body executing a S. H. M. is propor- 
tional to its displacement and is directed towards a fixed point in the 
line of vibration. 


12 The Displacement Curve of a S H M.— The displacement x of a 
particle executing a simple 
harmonic motion is given 
by the equation x *= a sin 
wt. If we plot a curve to 
show the relation between 
x and t, the curve will he 
a sine curve. Fig. 1 2 re- 
presents the displacement 
curve of a point M 
smarting from 0 and mov- 
ing with S.H.M. along YOY' 
with uniform speed along the 



due to the point 
circumference of 


Fig. 12 

P moving from 
the circle with 0 


X 

as 



378 


INTEHMEDIATE PHYSICS 


centre in the direction XY as shewn by the arrow. Divide the cir- 
cumference into any number of equal parts, say eight, and draw; 
straight lines through the points of division P, Y, P\ etc , parallel to- 
XOX . ]f AB represents the period T , divide it into 8 equal parts. 
The time (Tj 8) taken by P to move through each part of the circumfer- 
ence will then be represented by each division of AB, Draw ordinates 
at the point 1, 2, 3, etc., that are equal and proportional to the dis- 
placements 0M y OY , etc. In plotting the distances, the points below 
0 should he taken as of opposite sign to those above 0. Now, joining 
the tops of the'se ordinate lines, the displacement curve is obtained 
which is identical with the well known snie-cnrvc. 

N.B.— Each particle in the medium transmitting a longitudinal 
sound-wave executes a S. II. M. with time. So the time-displace- 
ment curve for each particle m the medium or for the vibrating body 
itself, will be a sine-curve. The displacement, however, is in the line- 
of propagation of the sound. The motion of the succeeding particles 
lying on the line of propagation reckoned in the same instant of time 
differs in phase from particle to particle. If the displacements of the 
particles are plotted in the ordinate against the distances of the 
particles concerned as abscissa (though they are in the same straight 
line), the graph will also be a sine-curve. 

13. Examples of 8.H M. — The to-and-fro movement of one prong, 
of a vibrating tuning-fork, the movement of a point in a stretched 
string when the string is plucked sideways, and also the motion of the 
bob of a simple pendulum oscillating with a small amplitude, are some 
of the familiar examples of simple harmonic motion. 

Motion of a Simple Pendulum is a S H. M : — In Fig. 13, let the 

bob B of the pendulum of length l be displaced 
through an angle 0 to the position C. If q 
be the acceleration due to gravity, and m the 
mass of the bob, the weight of the bob is mq, 
which can be resolved into two components, 
mq sin 0, which acting along CF at right 
angles to AC tends to bring the boh back to 
its original position B with an acceleration g' 
sin 9, and force mq cos 0 , which acts along CF' 
and keeps the thread taut and is balanced by 
tlie tension of the string. After crossing the* 
mean position B , when the bob moves towards 
BD in virtue of its inertia and acquired velocity, 
the acceleration acts in the opposite direction, 
and so the motion decreases and ultimately vanishes at the other 



W* niy 

Fig. ia 
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extreme position D , when the direction of motion is reversed. This 
/notion repeats itself. If the angle 9 be very small (not greater than 
4°) sm 9 may be taken to bo equal to 9 and so the acceleration of the 
bob g sin 9 = a 9. Similarly when 0 is small and the thread is com- 
paratively long, the arc BG is approximately a straight line, and then 
the displacement of the bob at C, that is, the distance of the bob 
from the mean position B “arc BG — 10 (where 1 = length of the 
pendulum). 


Displacement __ 19 
Acceleration g9 


- =a constant 
(I 


(i) 


Thus the acceleration tending to bring the bob back to the 
original position is proportional to its displacement. Again the 
acceleration is always directed to the moan position B in the path of 
its movement. [At each of the extreme positions T) and C, the dis- 
placement being the greatest, acceleration is also greatest]. These 

being the conditions of a S. FI. M., 

« 

the pendulum oscillates with S. II. M., and obeys the following law : 

A particle executing a simple harmonic motion moves to-and-fro in 
a straight line such that its acceleration is always directed towards the 
?nean position of rest and proportional to its displacement. 


Here, if T be the period of oscillation of the bob. 
acceleration of the bob 4^ 

WG kn ° W ' its displacement = T 2 ’ 

* • T = displacement = 2ji y'j . 

acceleration Q 

The simple harmonic motion is of great importance in the study 
of sound, as a •vibration of this type only gives the sensation of a 
pure tone with no admixture of other tones. Any other kind of 
vibration gives rise to a compound note which is composed of two or- 
more simple tones. 

14 Sound is a Wave motion — Sound is produced by the 
vibration of a sounding body, and the assumption that it is conveyed 
to the ear by means of waves is based on the consideration that the 
characteristics of wave propagation also apply to the case of trans- 
mission of sound. 

* 

9 (l) A wave takes time to travel from one place to another. 

Sound also takes time to travel from one place to another, i.e. t it. 
has a definite velocity. 
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(3) In solids and liquids the velocity of sound is greater than 
in gases. This can be explained only if sound is conveyed by wave* 
motion (Art. 117, Part IY). 

(3) A wave requires a medium to pass through. 

Sound also similarly requires an elastic medium to pass through. 

(4) Waves are reflected or refracted obeying certain laws. 

Sound is also reflected or refracted according to the same laws. 

(5) Two sets of waves affecting the same place of a medium at 
the same time may destroy the effect of each other under certain 
conditions. This is the phenomenon of interference. 

Sound also shows interference by the phenomenon of beats. (See Art.36). 


6. Sound can bend round an obstacle. Moreover sounds of 
different acuteness show this effect by different amounts. The pheno- 
menon is known as diffraction. Diffraction is possible owing to the 
wave character of sound. Since sounds of different acuteness have 
different wave length, the amount of diffraction caused by them should 
be different. 

7. A wave of condensation started from a source has been actually 
photographically detected by R. W. Wood. The reality of secondary 
wavelets , first conceived by Huyghens in his wave theory, has been 
thus proved. 

8. The phenomenon of polarisation is shown by transverse 
waves only. Light- waves being transverse show the phenomenon of 
polarisation but the fact that sound-waves fail to show the pheno 
menon of polarisation prove that the vibration in this case is 
longitudinal and not transverse. 

14 (a). Expression for Progressive Wave motion. — Assuming 
the motion of any particle in the progressive wave to be simple har- 
monic, the displacement at any instant is given by, 


a* - a sin [wt - <) 

. / 2 * \ . / \ 

•a sm^-7p~. t-< J^a Bin^ ^ . t~< J . 

. ( \ 

-asin^ — j < J where v » velocity of the wave, 

wave-length, and !T“ time-period. 
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The wave lags a phase-angle < behind the origin i.e. a distance (r) 
given by the following, 

si^oea distance A corresponds to a phase-angle 2n fc 

That is, 

. . finv.t 2?*r\ 

*" a Bn rr“i") 

-a sin y- (vt,-r) 

where r* distance of the wave from the origin. 


Questions 

Art. 7. 

1. Define amplitude, frequency and wave-length. What is the relation 

between velocity and wave-length ? (All. 1920). 

2. When are two particles said to have the same phase ? 

(C. U. 1910 ; Pat. ’18) 

8. Describe and explain the terms frequency, amplitude and wave-length 
as applied to sound-waves in air. What are the differences in sensations 
perceived which correspond to differences in these quantities. (All. 1923) 

Art 8. 

4. Describe the motion of a sounding body. How would you demonstrate 

the nature of this experimentally. (C. U. 1910) 

[Hints.— For the first part see Art. 8. For the second part see Ch. V. 
The nature of the motion of tho vibrating body will be represented by the 
wavy line on the smoked paper] . 

5. Define the angular velocity of a body moving uniformly in a circle. 

Find its periodic time. Show that the foot of the perpendicular drawn from 
the body to a fixed diameter of the circle describes Simple Harmonic Motion 
and hence define such a motion. (C. U. 1983) 

[Nee also Art. 26, Part Ij 

6. Define Simple Harmonic Motion, and explain it with reference to any 

familiar example, (See Art. 13). (C. U. 1921, ’35 ; Of. A.,U. 1936 ; Pat. ’41). 

Arts., 11 & 13. 

7. ‘ What are the principal characteristics of a simple harmonic vibration 
as illustrated by the motion of a pendulum ? In what respect is the motion of 
a pendulum similar to the vibration of a tuning fork ? 
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.Art. 14. 

S. Describe experiments to demonstrate that sound consists of a wave- 
motion in air. What is the nature of the wave constituting sound ? (Pat. 1927) 

9. What reasons are there for believing that sound is conveyed by 

wave-motion ? (All. 1913, ’15 ; C. U. ’29 ; Dac. ’32, ’40). 

10. What are the evidences in support of the view that sound is 

propagated by means of wave -motion, and that some matter is essential for its 
propagation ? (Pat. 1938, ’40). 

[i See Art. 2] 

11. What are the main characteristics of wave-motion ? Point out the 

* chief resemblances and differences between waves of sound and waves 

* of light. (L. M.) 

(See Arts. 5 & 11. Also see wave- theory in Part IV.) 


CHAPTER III 
Velocity of Sound 

15. Velocity of Sound in Air — Numerous examples can be 
. cited to show that sound takes an appreciable time to travel from one 
place to another. Thus, though lightning and thunder are produced 
together, the flash of the lightning is seen much before the report of 
the thunder is heard. When a gun is fired at some distance, the flash 
is seen before the sound is heard ; the puff of steam issuing from the 
whistle of a distant locomotive is seen some time before the sound is 
heard ; so also the striking of a cricket ball with the bat is seen 
before hearing the sound. In each of these cases the time-interval 
between seeing and hearing is due to the difference between the times 
taken by light and sound to travel from the source to the observer. As 
light-waves travel almost instantaneously (186,000 miles per sec.), the 
time taken by light can be neglected in the determination of the 
velocity of sound. The velocity of sound at. 0°C is generally accepted 
to be 332 metres per sec. 

Experimental Determination of Velocity ^f Sound 

(A). Open-air method. — The members of the Paris Academy 
:;|^t determined the velocity of sound in open air in 1738. Their 
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‘findings show that the velocity of sound (i) does not depend upon 
-changes of the atmospheric pressure ; (ii) increases with temperature 
.and humidity ; (iii) increases in the direction of the wind and decreases 
.against it According to the Dutch physicists Moll, Van Beck and 
■others, the velocity of sound at 0“C is 332*26 metres per sec. Bravais 
and Martins determined the velocity of sound along a slope, the 
■difference of altitude between Faulhorn, the upper station and the 
Lake of Briez the lower station being 2079 metres while their distance 
"was 9560 metres. They found velocity corrected to 0°C to be 332'37 
metx-es per sec. During the Arctic expeditions of Parry and Greely, 
> the expts. were done at very low temperatures and almost the same 
result was found. 

Arago did the following expt. in J829. Two observers were statio- 
ned on the tops of two hills several miles apart. One of them was 
provided with a gun while the other bad an accurate stop-watch. 
The first man fired his gun, the second man started his watch on 
seeing the flash and kept a continuous record of the time until the 
sound of the firing was heard. A large number of observations under 
•similar atmospheric conditions were taken and the mean value ( t secs,) 
-of the recorded times was taken. If x ffc. is the distance between the 
two stations, the velocity of sound (v) is given by, 

v = x;t ft. per sec. 

such determinations suffer from the two principal errors, viz., (1) the 
- error • clue to the wind velocity and (2) the personal equation of the 

observer. 

• 

The first error is that the velocity of sound is affected, though 
-slightly, by the velocity of the wind, it being greater in the direction 
•of the wind and less against it. It is corrected by the method of 
reciprocal observations, in which both the observers are provided with 
a gun as well as a stop-watch. When one fires, the other records the 
time and vice-versa. Suppose 1 1 and t 2 are the mean values of the 
■time recorded by the first and the second observers respectively. If 
the wind is blowing in the direction of the second station from the 
first at the rate of e ft./sec, 

v + e — x !t x and v - e “ a?/£ 2 

) ft./sec. 

• ' £ i £g / 

Thai is, the effect of the wind is eliminated. The second error is 
that every nian is apt to sJelay some fraction of a second to start the 
watch after he actually sees the flash of the firing and this delay period 
varies from person to person and is a personal factor of the person 
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making the expt, This error oaa ba avoided by making electrical 
arrangements for recording of the exact moment of the gun-fire at one* 
station and the report of the sound at the other. 

Begnault used both of these precautionary measures in the 
determination of the velocity of sound in open air in 1864 at Versailles. 
Be found the velocity greater in the case of sounds having great loud - 
nets, such as explosions of bombshell etc. Sound ranging methods 
(Art. 23) used during the Great War of 1914 — 18 for the location of 
enemy guns etc. give the most recent and modern means of determining 
the velocity of sound m open air. 

(B) . Laboratory method 

By resonance of air column, (see Art 55). 

(C) , Method for Rare gases 

Kundt's tube method, (see Art. 57). 

16. Newton's Formula —Sir Isaac Newton was the first to> 
formulate a law that the velocity of sound in a gas varies directly as 
the square root of its bulk-elasticity (Ch. VII, Part I) and inversely as 
the square root of its density, That is, 

v-Sl. 

where E is the modulus of bulk-elasticity of the medium, and D the 
density of the medium , 

stress 

Now, the modulus of bulk-elasticity 

strain 

In the caBe of gases, stress is the change in pressure per unit area r 
and strain in the corresponding change in volume produced per unit 
volume (see Ch. VII, Part I). 

Consider a gas of volume Koo. under a pressure P dynes per unit 
area. Let the pressure be now increased by a very small amount p per 
unit area, and consequently let the volume be decreased by a small 
amount v. 

jg m stres s ^ inc rease of press ure pe r unit area 

strain consequent change of volume per unit volume 


_ P . V P 
vlV v 


Newton assumed that the change of pressure takes place wndqr 
isothermal condition , %.e. it takes place slowly so that there is no appreoi - 
abls change of temperature . So we have, according to Boyle's law, 
P?»JiP+p)(V-v)-PV+pV-vP-pv. . 
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Since in the case of sound-waves the changes in pressure and 
Volume are very small y p and v are very small, and so the product pv 
is negligible. 

.*. pV**vP t or pV/v^P 

J2-P, from (1). 

Hence by Newton’s law, velocity of sound in a gas is given by 

N. B. Incases obeying Boyle* s law the elasticity is equal to the pressure* 

Calculation of the Velocity of Sound in Air at N. T. P. 


Normal pressure is the pressure exerted by a column of Hg. # 76 cms. 
in height, at 0°G. in the sea-level at 45° latitude i.e ., P— 76 * 13*596 x 
980*6 dynes/cm . 2 = 1,013, 250 dynes/cm a . Again density of air at 0°G . 


= 0*001293 gms./c.c. 
Velocity of sound at N. T. P. 



\/ 


76x 13*596x980*6 


0*001293 


«*280 metres/sec. approxly. 

But this-value of the velocity of sound at 0°G. is not in agreement with 
the value obtained by actual experiment, viz. 332 metres per second. 


• 17. Laplace’s Correction. — The calculation of the elasticity 

of a gas, according to Newton, involved Boyle’s law according to 
which changes of pressure and volume of a given ma&Pof gas take 
place at a constapt temperature. Newton assumed that the changes 
in the air taking place in wave-motion had no effect on the tempera-* 
ture, i.e . the changes were isothermal . About 20 years later Laplace 
pointed out in 1817 that the changes of pressure, when sound-waves 
are travelling through a gas, are so rapid , and the radiating and 
conducting poioers of a gas are so poor , that equalisation of temperature 
is improbable. So Newton’s assumption that the temperature remains 
constant is not correct. According to him the changes that take 
place in a gas in whioh sound-waves are travelling are adiabatic , i.e + 
in yrhich no heat is allowed to enter from outside, or leave from inside, 
the gas; That is, Laplace Held that the alternate compressions and 
rarefactions take place so rapidly that the heat developed in compressed 
air remains fully confined in the compressed layer, and has no time 
to be dissipated into the body of the gas, and similarly the cold 

26 



S86 


INTERMEDIATE PHYSICS 


produced in the rarefied layer remains wholly confined in it. So # 
Boyle's law does not apply in this case. 

[When sound travels in air or in any other gas, the particles of 
the gas are suddenly compressed at the condensed part of the wave, 
and suddenly separated at the rarefied part of the wave. If a gas is 
compressed, or allowed to expand, suddenly its temperature rises or 
falls momentarily, and with the riso or fall of temperature the gas 
expands or contracts. Now consider the offecbs of changes of tem- 
perature on "the elasticity of a gas. During compression the temperature 
of the gas rises owing to which the volume of it tends to incftase, and 
so a greater increase of pressure is necessary to produco a given 
diminution of volume than what is necessary, if the temperature of 
the gas remained constant (i.e. Boyle’s law held good) during the 
compression. So the elasticity in the first case (when temperature 
increases) is qreater than that in the second (when temperature is 
constant). Similarly, during rarefaction the temperature of a gas 
falls owing to which the volume of it tends to diminish, and so a 
greater diminution of pressure is necessary to produce a given increase 
in volume than what is necessary if the temperature ot the gas 
remained constant. So, here also the elasticity is qreater than that 
in the first case. Considering the above, Laplace said that the value 
for the elasticity E under adiabatic conditions should be substituted 
in Newton's formula for the velocity of sound. | 

It is known that the elasticity of a gas, under adiabatic conditions 
■* V * pressure, 

where specific ht. of the gas at constant pressure 

Cv specific ht. of the gas at constant volume 

The value of V for a di-atomic gas like oxygen, nitrogen, or air is 

1'41 (for a tri-atomic gas like C0 2 it is 133). Therefore, the formula 

of velocity of Bound in air with Laplace’s correction becomes, 

T7 / yxp A/r41 SP 

Y** jJ * V —j } metre per see. 

-280* v/1’41-332’5 metres per sec. 

18. Effect of Pressure, Temperature, and Humidity on the 
Velocity ot Sound in a Gas. 

(I) Effect of Pressure . — If Pi and P 2 be the pressures of a given 
mass of gas, v i and v 2 the volumes, and D x and D 2 the corresponding’ 
densities, we have, by Boyle's law, P 1 v 1 ^P 2 Vg. 
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v D 

• But volume varies inversely as density, i.e., 

Vi L>s 

because v a D t *= v^D t — mass " a constant. 


Hence 


Pi . 

i\ IV 


Pi p* 


Therefore, in the formula F ■ 


V 1 — 

V T\ i 


D 


the fraction 


D 


remains 


unchanged. Hence, the velocity of sotcnd in a gas is independent of any 
change of pressure. 

(II) Effect of Temperature . — Let v„, vt be the volumes of a gas 
at 0°C . and t°G. respectively, and D ot Dt the corresponding densities, 
then we have 

v 273 

— (because, according to Charles law, the volume 

vt m 273+ t 

of a gas is directly proportional to its absolute temperature). 

Vo JDt . Do _ 273 +JJ 
vt Do’ ’ ’ D t 273 

If Vo and Vt be the velocities of sound in the gas at 0°0. and t*C. 
; respectively and P be the pressure of the gas, we have 


But 


( 1 ) 


Vt 


41 P 
Do 


, and Vi 


^ Dt * 


Vt_ /Do a/ 273 + t eV /^ 
Vo ~VDt= V 273 To ' 


when T and T 0 $re the absolute temperature’s corresponding to t°C. 
and 0°C. respectively. 

Therefore , the velocity of sound in a gas is directly proportional to the 
square root of its absolute temperature. So velocity of sound in a gas 
increases witlvrise of temperature. 

Wo have Vt - F„ ^1 F„ ^1 + i* g~) neglecting terms 

containing f a and higher powers of t. 

' In the oase*of air, F 0 **332 metres per second. 

Ft -832^1 + g^ 0 ^) metres per seoond. 

• — (332 4 0'61f) metres per second. 
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Henc e, for each centigrade degree rite rn temperature, the velocity 
of sound in air increases by about 0 61 metre or 61 cms. (or about 2 ft.) 
per second. 

(Ill) Effect of Humidity. — The density of water-vapour is less 
than the density of dry air at ordinary temperatures in the ratio of 
0’62 : 1. Therefore, the presence of water- vapour in • the air lowers 
the density of air and so increases the velocity of sound in it. Hence 
for a given temp., the velocity of sound m damp air is greater than that 
in dry air. 

19 Correction for the presence of Moisture in the observed 
value of the Velocity of Sound id Air : — 

If V m -velocity in moist air at pressure P mm. and temperature t°G. 
velocity in dry air at pressure 760 mm. and temperature t°C. 

.Dm “density of moist air at pressure P mm. and temperature t°C. 

D “density of dry air at pressure 760 mm. and temperature t°C. 

r„- aA p ; r.-v^. 

X/m Dd 

Now, if /-saturation pressure of water- vapour at t°C , we have I ) m * 
weight of 1 c.c. of moist air at pressure P mm. and temperature t°G. 

-wt. of 1 c.c. of dry air at pressure (P-/) mm. and temperature 
l°C. + wt. of 1 c.c. of moisture at pressure / mm. and temperature t°G. 

We know that the mass of 1 c.c. of water-vapour-0’622xmass 
of 1 c.c. of dry air. 

Now, because the density of a gas at a constant temperature varies 
directly as its pressure, we have, 

760 i D r m < p -/ +0 '« 22x /) 

-fyip-omfl (i) 


■ - Vd - a /760 xZ)m„ a/P^- 0 ^ 78 / A ■ J 
" V m V PxDtf V P "V 1-0 378 , 


Frf- V m V 1-0'Zlf^ 


20. Velocity of Sonod in various Gases.— We know that 
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•the velocity of sound in air 



where D, is the 


density 


of air and F« the velocity of sound in It. Under si ui’ar omlibions of 
* pressure and temperature the velocity in another «l.-ato nic gas (for 
whioh the valpe of Y is the same), say hydrogen, 



So the velocity of sound in a gas is inversely n-ipo^ion il to the 
square root of its density. Thus, if F 0 , Vh be the vsl >ci ia*. ind D*, Dh 
the densities of oxygen and hydrogen respectively unh*r the same 
conditions of temperature and pressure, 


Vo 

V h 


, \Z D t V 1 

Do 16 


4' 


21. Velocity of Sound in Water —The fv of sound 

in water was determined bv Colladan and Surm in 1 c '27 in Hie Uke of 
Geneva, where a large bell, hung below the surface nf wat** from the 
side of a boat, was struck by a hammer. The «nnnd was received 
through a sort of ear- trumpet fixed in the water to another bn it. which 
was placed at a distance of 2 miles. There was an arnmu^n *nt in the 
first boat such that, at the instant the hammer wa< struck a charge 
of gunpowder was iguited giving a flash in the air p.ould be 

seen by the observer in the second boat. The interval h*»t've«n the 
flash and the report was noted and the velocity was ealoul ited in the 
usual way. 

Theoretical Calculation.— 

— - — 

Q ^-— t — — (For water, 
density 


density* 1 gm. per c.c. and adiabatic elastioity*2 1 * 10 l ° 
sq. cm.) 


Vw 


2 1 *i O To " 


cms. per sec. 


1449 metres 


dynes per 


per sec. 


This agrees fairly well with the experimental result. Note that 
this is nearly 4 times the velocity in air. 

22 (a) Velocity of Sound in Solids —Sound tnv*U nrich faster 
in solids than in air. The velocity of sound in ci~t *rm wis deter- 
mined by Biot by striking with a hammer one end of a Inog series of 
cast iron pipes of total length 951 metres joined end to enl. The 
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sound travels both through the walls of the pipes and through the air 
inside them with unequal speeds. An ob&erver at the other end noted 
the interval between the bound transmitted by the metal and that by 
the air. The interval between the sounds was 2*5 second 

Therefore, if F= velocity of sound in cast iron, and V ± that in air, 
the time taken by bound to travel 951 metres through cast iron = 951/ F, 

j * , . 951 . 951 95 1 

and that through air= Tr ... 17 !r =25. 

- * i * x * 

Assuming the value of the velocity of sound in air at the particular 
temperature, the volocity in cast iron was determined, but the result 
was not quite accurate. 

Theoretical Calculation. — When a compression wave is transmitted 

along a solid, its velocity is given by F= y/Y/D, where F= Young 1 ** 
modulus of elasticity for that material. For annealed steel F=2L’4 
x 10 11 dynes per sq. cm. and D = 7*63 gm ! c.c. 

.* . F= 4 X — — cms. = 5296 metres per sec*. 

7*63 

The present accepted value of the velocity of sound in iron is 5130 
metres per second. 

(b) Velocity in jjther forms of Solids —The velocity of longi- 
tudinal waves in solids, when in the form of a string, can be experi- 
mentally determined in the laboratory as explained in Art. 45. When 
the solid is in the form of a rod, the velocity is conveniently deter- 
mined by Kundt’s method (vide Art. 55) which is based on the principle 
of resonance. 

From the table of velocities of sound it will be seen that sound 
travels faster in solids and liquid than in air. If the ear is applied 
to one end of a long wooden or metal board while somebody lightly 
scratches the other end, the sound of the scratching will be clearly 
heard, but it may not be audible when the ear is removed from the 
contact of the board, i e,, when sound travels through air. Similarly 
any sound made under water may be easily heard at o considerable 
distance by means of a submerged hydrophone, which is an under- 
water microphone receiver with a sensitive metal diaphragm for record- 
ing sound-waves. But sounds do not readily pass from one medium to 
another when they differ greatly tn density , For this reason wheii 
your ears are under water you will not be able to hoar the shouts of 
people around you made in air, 
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The sounds made by a running horse's hoofs will be heard from 
a very long distance if the ear is applied to the ground though they 
may be inaudible when the listener is standing up, and similarly the 
ear in contact with a railway line will catch the sounds of an approach- 
ing train long before they may be heard by others. This principle is 
applied by the water company’s inspector in detecting leaks in the 
water miin under the street. Tnis is done by applying a rod to the 
ground above the pipe and pressing the ear to the rod, that is, by 
making a continuous solid connection from the pipe to the ear the 
sound of water running in the pip9 will be readily audible. Similarly 
the doctor presses his stethoscope on the chest in order to make a 
solid connection between the chest and the ear so that the sound 
in the lungs and of the heart beating may be audible. 

This principle may be applied for preventing sound from passing 
from one room to another of a building by making cavity walls, that is, 
walls with an air space between them. 

Hydrophone.— It is a microphone receiver used for reception o! 
sound under water and finding the direction of the sound. It is largely 
used in echo-depth-sounding, location of submerged objects and 
ice-bergs by methods of echo- soundings, location of submarines by the 
method of sound ranging in the sea-water and similar acts of sound 
reception under water. 

Ordinarily, it is a carbon-granule type of transmitter adapted for 
use under water. It consists of a heavy annular metallic ring provided 
with a central thin diaphragm made also of metal. A stylus is fixed 
at its one end to the centre of this diaphragm and to a carbon- 
granule- box at the other. The diaphragm and the back-end of the 
box are separately joined to two wires from a cable which the 
receiver is dipped into tha sea. The ends of the wires at* the other 
end of the cable are connected in series to a headphone and a battery ' 
of cells. The back end of the ring is closed by a stout screen called 
the baffle (or the deaf- side), since it cuts off the reception of sound 
at that end. The movement of the diaphragm, due to incidence of 
any vibratory disturbance on it, causes a fluctuation of resistance*, 
in the carbon-granule-box and of the current in the headphone circuit. " 
For correct reception of sound, the receiver is rotated in all possible 
directions until the maximum sound is heard in the headphone. The 
direction of the sound is normal to the plane of the diaphragm at 
.this position. 

# 23. Sound Ranging. — In war the position of an enemy gun can 
be located by noting the times taken by the report of the gun to reach 
several sound-detecting stations. Suppose, there are three different 
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stations A t B and G If the report o f the gun reaches B a second 
later than it reaches A, then taking 1100 ft. per sec. for the velocity 
of sound, the gun at G say, mast be 1100 ft farther from B than from 
A or GB-GA™ 1100 It If again the report reaches C three-fifths 
of a second later than at A, then (GC-G;4)“f x 1100 “660ft. If 
now circles with radii 1*00 ft. and 600 ft. respectively are drawn with 
centres B and C, the gun will bo at the centre of a circle passing 
through A and touching each of the other circles 

In practice more than three stations may be selected and at each 
of the stations is placed a hot-wire microphone for detecting the 
sound. This is a very sensitive apparatus to receive electrically 
both continuous and discontinuous sounds 

24. Determination of Ship’s Position —In foggy weather when 
a ship finds it difficult to get its bearing, it bends out simultaneously 
two bign&ls, — a wireless signal and an under-water sound signal — to 
the stations on the coast, which are equipped for receiving +hem and 
which in turn informs the ship by wireless the interval between 
receiving the two signals. Thus, if the interval is 2 Bee at the station 
A, then the ship is ( x 47 i 4) =* 9428ft from A, while an interval of 
4 sec. at B would indicate that the slap is at a distance of (4 x 4714)“ 
18,856 ft. from B where the velocity of sound in sea- water is 4714 
ft /sec. Therefore ship's pobition will be obtained by intersecting arcs 
drawn on the chart with centres A and B and radii 9,428 ft and 
18,b56 ft. respectively. 

Examples — I. 10 set and s have elapstd between thi flash and thi teport of a aun. 
What t s % is distance , the temperature being Jo n C i (Velocity in air at 0°C = 382 
metieiper second). 

From formult Vt “ F 0 (l + i wc have V x 6 " 332(1 + 5^)“ 

(882 + 0 611) 

- 882 + O‘01 X 15 = 332 + 9 15 = 341 15 metres. 

Hence m 10 seconds the sound would have travelled 341 15 x 10 = 3411*5 
metres. The distance requued =3411 5 metres 

2. A pecs of s lone *s droppid into a well and Uu svtash is heaid after 1 45 
seconds . Calculated the dipth of the v?tll assuming the velocity of sound m ait to be 
282 metres per second (Pat 1919). 

If t be the time taken by the stone m falling, the depth of the well a = 
Hence the time taken by the report to reach the mouth of the well from the 
water = (1*4 5 — t) sec So the distance tra\elled by the sound, 

« “ velocity x time “ F(l*45 - 1) , . 1X1*45 - t) «* $gt 2 

or 832(1*45 — f)“Jx 9*81 x t* , ( .* ^ = 981 cm —981 metre). 

of 882X1*45 -832* “4 9** , or 4*9^ + 382* -481*4 “0 i-l*42 seconds. 

♦ 
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Hence the depth of the well ®**882(r4S- l - 42)»382xOO8-9 , 06 metres. 

S Calculate the velocity of sound in air at 10*C when the pressure of the 
•atmosphere is 76 cm 

A sound is emitted by a source at one end of an iron, tube 650 metres long and 
•two sounds are heard at the other end at an interval of 2'b secs . Find the velocity of 
sound in iron. 

We know that 7- \f I'iU! 

v D 

The velocity of sound in air at 0°C. and 76 cm. pressure, 

Vo “ \/ * 41 - * ^ * *** cms. per sec. ™ 382*5 metres per sec. 

v '001298 

The velocity of sound at 10°C.™ 332*5 + 0*61 x 10™ 338*6 metres per sec. 

If V be the velocity of sound in iron expressed in metres per sec., the 
time taken by the sound to travel 950 metres along the iron tube is 950/ V sec. 
'The time taken by the sound to travel through the same distance in air at 
10° C. is 950/338*6 sec., where the velocity of sound in air at 10°C ■■ 888*6 
metres per sec. 

The velocity of sound in solids is greater than that in air, hence the time 
taken by the sound to travel through the iron of the tube is smaller than the 
time taken to travel through the air inside the tube. 


2*5“ 


_J350_ 

888*6 


950 
V ' 


whence F= 3107*92 metres per sec. 


4. A man sets his watch by the noon whistle of a factory at a distance of 1 mile * 
How many* seconds is his watch slower than the time-piece of the factory ? • Velocity 

*of sound — 332 metres sec. per). (Pat. 1941.) 

The man when setting his watch by the whistle did not take the time 
taken by the sound to travel over a distance of 1 mile into consideration. 
Hence his watch is slower than factory time-piece by the above time. 

Velocity of sound* 832 metres per sec.™ 1088 ft. per sec. 

1, mile = 5280 .ft. Therefore the time taken to travel over 1* mile “ 

-™ 4*85 seconds. Hence the watch is 4*86 seconds slower. 


Questions 

Arts. 15 & 18 

1. How will you determine the velocity of sound in air ? Will the result 
be the same when strong wind is blowing ? How will you eliminate the effect 
due to wind ? Will the result be the same in summer and in winter ? Give 
reasons for your answer. (All. 1981) 

# [Hints.— As velocity increases with temperature, the value of it will be 
iouncl to-be greater in summer than in winter j 

-Arts. 16 & 20k 

X State the law connecting the velocity of sound through a gas with its 
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density. Compare the velocities of sound in hydrogen and oxygen under 
similar conditions, (C. U. 1912). 

8. Calculate the velocity of sound in air on a day when the barometer' 
stands at 75 cm. (the density of air is *00129) 

[Am : 829*6 metres per second.] 

Arts. 17 & 18. 

4 (a). Give Newton’s expression for the velocity of sound in a gas. (All. ’46). 

(b). Explain clearly the different steps in the reasoning which led to the' 
introduction t>f Laplace’s correction in Newton’s original expression for the- 
velocity of sound in air. (Pat. 1927 ; cf. All. ’46.) 

5. How can the velocity of sound in atmospheric air be measured ? Give 

any two methods. How is the velocity affected by changes of pressure and' 
temperature ? (C. U. 1917, ’37, ’41 ; Ail. ’45, ’46 cf. Pat. 1921, ’30, ’40, ’43). 

6. Indicate how you could find the distance of a storm by noting tem- 
perature of the air and the interval between the flash of lighting and the sound 
of thunder coming from the storm. 

What evidence could you give that the velocity of sound is practically 
independent of the amplitude and frequency of the air vibrations. (Pat. 1934). 

[Hints. — When some one speaks or sings, the sound Is not a simple one. It 
is a compound sound, i.e. it consists of notes of different amplitudes and 
frequency. But as every note takes the same time to reach us, evidently the 
velocity of sound does not depend on the amplitude and frequency of the air 
vibrations.] 

7. The interval between the flash of lighting and the sound of thunder 
is 8 secs, when the temperature is 10° C. How far away is the storm ?* 
(Velocity of sound in air at 0 °C. is 1090 ft. per sec.) 

[Am : 1110 yds.] 

8. A cannon is fired from a station A at the top of a mountain and 

observers are placed at two points B and C equidistant from A. B is at the 
top of another mountain, while G lies in the valley between the two. Assum- 
ing the temperature of air to fall as we descend, explain which of the observers 
will hear the cannon first. (Pat. 19^2). 

9. An observer sets his watch by the sound of a gun fired at a fort 1 mile 

distant. If the temperature of the air at the time is 15° C. what will be the 
error ? Mention other causes which are likely to lead to errors in the setting. 
(Velocity of sound in air at 0°C. SS 1090 ft. per see). (L. M.) 

[Am : 4*667 secs.] 

10. If the velocity of sound in air at O 0 ^ and 76 cm. of mercury pressure- 
is 830 metres per sec., calculate the velocity at 27°C. and 74 cm. pressure. 

L.4n« : 846*47 metres per sec ] (C. U. 3935}. 

11. On what factors, and how, does the. velocity of sound in a given 

medium depend ? ^ (Pat. 1932)..* 
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12. The densities of dry air and moist air are in the ratio 1:8. On a 
dry day a sound travels a certain distance in 6 secs. How long will the sound 
travel the same distance on a moist day. 

[Ana : 5*87 secs.] 

18. On one occasion when the temperature of air was 0°O. a sound made 
at a given point was heard at a second point after an interval of 10 seconds. 
What was the temperature of the air on a second occasion, when the time 
taken to travel between the two points was 9'G52 seconds. 

[Ana : 19‘7°6\] 

14. An observer sets his watch by the sound of a signal gun* fired at a 
distant tower. He finds that his watch is slow by two seconds. Find the 
distance of the tower from the observer. Temperature of air during observa- 
tion is 15°0. and the velocity of sound in air at 0°0. is 882 m./sec. (Pat, 1939). 

[Hints. — V m 332(1 + 0*61 x 15) - 341 15 m/sec. 

• *. Distance = 34 i‘15 X 2 = 682’B metres.] 

Art 22. 


15. How would you show that sound travels faster in air than in carbon 

dioxide and slower in air than in iron ? (Pat. 1918) 

[Hints.— Repeat the resonant air column experiment (Oh. VII) by replacing 
air by carbon dioxide. For the second part see Art. 22]. 

Art. 24. 

16. Explain how sound-waves have been used to determine the position 
of a ship in a sea in a very foggy weather ? 


CHAPTER IV 

Reflection and Refraction of Sound 

25. Sound and Light Compared. —When a disturbance occurs 
in open air, sound-waves proceed radially outwards in all directions 
froin the source as the centre. Light also is a wave-motion, but light 
waves are transverse, whereas sound waves are longitudinal waves of 
compression and rarefaction; It is important to remember that the 
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term rays of light does not mean that light consist in so many straight 
lines, but this is only a convenient way of expressing the directions hi 
which light waves are preoeeding forward Similarly any straight line 
along which a sound-wave is propagated may be called a sound ray . 
We have seen that light waves are reflected from plane and spherical 
surfaces obeying certain laws ; so also sound waves are reflected accord- 
ing to the same laws — viz ., that the angles of incidence and reflection 
are equal and that they are in the same plane ; but conditions under 
which reflootions of these two waves take place are widely different on 
account of the great difference between the lengths of light waves and 
the lengths of sound waves, and also because light waves can travel 
through vacuum whereas sound waves require a material medium for 
their transmission. 

Under favourable conditions sound waves can also be refracted 
like light waves, and there mi»y be also interference due to two waves 
of sound as due to two similar luminous sources in the case of light. 

We shall see later on (Oh. YI) that the quantity of sound depends 
upon the number of the simple tones and al^o on the intensities of these 
tones. Similarly light from a luminous source is composed of a 
number of simple colours mixed up in a definite proportion. 

Frequency of vibration of a sounding body determines the pitch of 
the sound emitted ; similarly a particular colour, say, red or blue, of 
light depends upon the frequency of vibration of ether particles and 
consequently on the wave length of ether waves. 

Sound waves are detected by the auditory nerves of the ear while 
light waves are detected by the optic nerves. 

26 Reflection of Sound. — In order that appreciable reflection of 
a wave may take place from any surface, the area of the surface should 
be fairly large in comparison with the wave-length of the wave incident 
on it Sound waves are much larger than light waves. The lowest 
audible note has got a wave-length of about half-an-inch, and the 
highest audible note has got a wave-length of about 36 ft. — for 
example, the wave-length corresponding to the note C is nearly 4 ft M 
whereas the wave-lengths of visible light are included between 16 and 
30 millionths of an inch. Consequently it is evident that larger 
surfaces are required for complete reflection of sound waves than are 
required for light waves. On the other hand, the sound waves being 
larger do not require the surface to bo so smooth as may be required 
for light waves* For this reason, a brick wall, a wooden board, or a 
bill-side all serve as reflectors of sojand waves* The following 
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experiments will illustrate the reflection of sound waves like light 
waves. 

(a) Reflection at a Plane Surface.— Fix a large plane wooden board 
AB vertically and place a long hollow tube T x with its axis pointing 
at some point Q on the board making a 
definite angle with the plane of the board 
("Fig. 14). Now place another similar 
tube T 2 with its axis pointing towards C. 

Hold a small watch ]ust in front of the 
tube T x and put your ear at the end ot 
the receiving tube T 2 which is rotated 
with the point C as centre in all possible 
positions till the sound of the watch 
appears maximum, a board S being placed 
between the tubes to cut off the direct 
sound. It will be found that sound 
obeys the same laws of reflection as light 
viz , — ^6* 

(1) The angle of reflection is equal to the angle of incidence, that 
is, tho axes of T x and T a make equal angles with the normal at C . 

(2) The reflected sound ray, the incident ray. that is, the axes of 
T x and T 2l and the normal at the point of incident G of the board 
lie in. one* plane. 



(£>) Reflection by Concave Surfaces: — Two large concave spherical 

mirrors M and M\ are 
placed coa*i%lly on a 
table facing each other. 
A watch is placed at the 
focus of one of them M. 
The sound waves pro- 
ceeding from the watch 
being reflected from tbe 
mirror will fall on the 
second mirror, and will be converged at the focus of M\ where the 
sound waves can bo received in the ear E by means of a funnel tube. 
The ticking of tbe watch will be distinctly heard at the focus, and it 
' will* be inaudible at other points, or at the same point, by turning the 
mirror a little. 



26. (a) Practical Examples.— The principle of reflection of sound 1 
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is applied in speaking tubes * ear -trumpets , doctors * stethoscopes , etc. 

In these cases 
the sound waves 
are reflected re- 
peatedly from 
s^de to side of 
the tubes \Fig. 
16). Here the 
.Fig 16.— Reflections in a tube. sound waves can 

not spread, so the energy of the waves, instead of being distributed 
through a rapidly increasing space, remains more or less confined 
within the limits of the tubes, and so an ear, placed at the distant end, 
can hear the sound distinctly. 

Reflection in an Auditorium. — Sometimes the rooms and halls of 
buildings with arched celling serve as reflectors of sound waves, and 
also the walls of large halls often reflect the sound waves and interfere 
with the words of a speaker, which becomes very troublesome. This 
may be avoided by the hanging up of screens and curtains which are 
bad roflectors for sound waves. The interference is also avoided to a 
certain extent when the hall is filled with an audience whose bodies 
serve to damp the sound, and for this reason it is often easier to speak 
before a large audience than m an empty hall. On the other hand it 
has been found that in the open air, where there is no echo, it is rather 
difficult to make oneself heard to a large crowd, and this is. not so in 
a big hall as a certain amount of reflection helps in increasing the 
volume of sound. It has been practically seen that the effect is better 
when echo is heard nearly about 2 seconds after the original sound. 

In churches there is often a concave reflecting board above the 
pulpit which reflects the sound made by the preacher down to the 
congregation. 

It is known to everyone that the hollow of the hand held at the 
back of the ear in a curved way servos to concentrate the sound waves 
and thus helps to hear a distant sound. 

27. Echo — An echo is a case of repetition of a sound caused by the 
reflection of the wave back along the same direction. A sound made 
near a wall or a hill- side will be reflected and heard as two distinct 
sounds, prodded the distance between the observer and the reflecting 
surface is big enough to allow the reflected sound to reach him without* 
"interfering with direct sound. The impression of a sound persists 
for about T^rth of a second after the exciting cause ceases to exist. 
Taking the velooity of sound to be 1100 ft. per second under ordinary 
conditions, a sound wave can travel 110 ft. in t^th of' a second. So, 
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in order that the echo of sound may be distinctly heard, the reflecting 
surface should be at a distance of about 55 ft. from the observer, so 
that the reflected sound wave returns to the ear of the observer ^jth 
of a second after the incident wave left it. 

Velocity of Sound. — By means of echoes it is possible to obtain 
4 t rou'jh estimate of the velocity of sound. Suppose you stand some 
hundreds of yards from a hill and try to find out the time between a 
shout and its echo. If you are 500 yds. from the hill and the echo 
comes back in 3 seconds, the sound has travelled twice 500 yds. or 
3000 ft. in 3 seconds and therefore has travelled 1000 ft. in a second. 
So the velocity of sound is 1000 ft. per second. 

Series of Echoes.— Suppose a person at A is placed between two 
reflectors B and G situated at a distance of 330 ft. from each other, 
so that the distance AB is 110 ft. and AC 220 ft. Now if a pistol 
is fixed at A, the wave travels to B , is reflected and comes back to 
A reaching in VrVcP = to seconds. The wave then travels to G and 
-comes back to A in 'tVck? = seconds after the first echo, i.e. A 
seconds from the beginning. The wave again travels to B and is 
reflected. This goes on. 

But in the beginning the sound wave also travels to C, is reflected 
and comes back to A in seconds It then goes to B and comes 
to A , tt 5 second later and bo on. So we get a series of echoes, begin- 
ning from S, in A, tu, to, t£, izs, etc., seconds, and another series of 
sound beginning from G in tit. tit, IB, ru. r§, etc., second. 

Articulate Sounds. — In the case of articulate sounds, however, the 
distance of the obstacle should be at least twice, that is, 110 ft. instead 
of 55 ft., as observed above. It is so because a person cannot pro- 
nounce more than 5 syllables distinctly in one second, the ear 
also cannot make out what is said if more than 5 syllables are pro- 
nounced in one second. If a person pronounces a be takes fth of a 
second for it by which time sound can travel through 220 ft. taking 
the velocity of sound to be 1100 ft. per second. So echo will be heard 
only if the reflecting surface be at least at a distance of 110 ft. from 
the observer. If the person pronounces any 5 syllables, say, a, b, c, d, 
and e, and if the reflecting surface be at a distance of 110 ft., then he 
will hear the echo of the first syllable just as he is about to pronounce 
the second syllable b. Similarly the echoes of 6, c, d would come to 
• him by $th of a second, just as he is about to pronounce the next one. 
So only the echo of the last syllable will be distinctly heard. This 
■echb which enables us to, hear only one syllable distinctly is called 
mono-syllabic. If the reflecting surface he at a distance of two or three 
times 110ft., the echo will be di -syllabic, tri- syllabic, and so on. Evi- 
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dently if the distance be n times 110 ft., then the echo of the last re* 
syllable can be heard. Echoes which enable us to hear two or morn 
syllables are sometimes called polysyllabic. 

28 Beho Depth Sounding —The reflection of sound has been 
applied in measuring the depth of the sea . For this purpose a 
hydrophone is placed tinder water and a small underwater charge 
of some explosive is placed near it. Two sounds are heard when 
the charge is tired, the direct sound of explosion coming through the 
hydrophone and the echo of it coming a little after being reflected from 
the sea-bed. The interval between the two sounds is recorded by 
some electrical device. If this is t sec., then taking the velocity of 
sound in water to be 4714 ft. per sec., the distance from the sea-bed 
and back must be 4714.6. ft. and the depth of the sea 2357.6. ft. 

yf Example*.—/ A man stationed between two parallel cliffy fires a gun. He 
hears the fi it echo after two seconds and the nect after 5 secs. What is his position 
between the cliffs and when he hears the third echo f (All, 1910) 

Let V be the velocity of sound in air, x the distance of one of the cliffs 
from the man, and y the distance of the other cliff. Then, if the first echo 

2xx 

be heard after two seconds, 2* y- ; or 7 -j\ 

The sound wave will also be reflected by the other cliff and come back 

after 5 seconds. 5 - ^ ; or F - 1 </. <r*-$ if ; or - = 

V y 

That is, the position of the observer divides the distance between the cliffs 
in the ratio of 2 : 6. 

The third echo will be beard 7 seconds after the firing of the gun, for the 
sound wave reflected from either of the cliffs will be reflected from the other 
cliff and tike 7 seconds to come to the man. 

2. An engine is approaching a tunnel surmounted by a cliffy and emits a short 
whs site when half a mile away The echo reaches the engine after 41 seconds. 
Calculate *he speed of the engine assuming the xelocity of sound to be 1100 ft 
per second. (L M ) 

Let A be the first position, B the second position when the echo of the 
whistle is heard and C the position of the cliff. 

Then AOy mile — 2640 ft. In seconds the distance travelled by' 
sound - U 00 *$—49)0 ft. /« The distance (AC+B Q ) ■■4950 ft. 

So #04950-2640-2810 ft. and AB- (2640 -2310) X 880 ft. 

This distance is travelled by the tram m 4 J secs. 

380 X 2 

/ . Speed of engine — ^ -ft. per sec. — 50 miles per hour. 

8. An echo repeats 5 syUobleSy each of which requires i of a second to pronounce 
and 1 a second elapses between the time the last syllable is heard and the first 
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syllable is echoed . Calculate the distance of the reflecting surface , the velocity of 
sound being 332 metres per second. 

The five syllables will take (5 x £) second to pronounce. As 4 a second 
elapses after the last syllable is pronounced in order that the echo of the first 
syllable is heard, so the time taken by the sound of the first syllable to travel 
to the reflecting surface and back to the observer is 1 + 4 “4 seconds. 

In $ sec. the sound will travel 882 x 498 metres. This distance is twice 
that between the observer and the echo ; therefore the required distance 
249 metres. 

4, A man standing before a cliff repeats syllables at the rate of 5 per second. 
When he stops he hears distinctly the last 8 syllables echoed. How far is he from 
the cliff ? (The velocity of sound m air is 1109 ft, per sec.) 

It has been explained that in the above case the distance of the reflecting 
surface must be 110 ft. Now because the last 8 syllables are heard distinctly 
the man must be at a distance of about 3 x 110 ■ 330 ft. from the cliff. 

29. Nature of Reflected Longitudinal Wave. — Whenever a 
longitudinal wave passing through one medium meets another medium 
of different density, it will be partly reflected, hut the nature of the 
reflected wave will dep&nd upon the density of the second medium. This 
can be understood by the following illustration. 

Expt. — Let a number of light and heavy steel balls be arranged in 
one line, the light balls representing the particles of a lighter medium 
and the heavy balls these of the densoi medium. If a forward push 
be given to one of the lighter balls, it will strike the next bail, which 
in t.urn’will strike its neighbour, and in this way energy will be handed 
on from one to the other, untill the last light ball strikes a heavy ball. 
After tho impact, the light ball will rebound and strike a ball just 
behind it, and thus set up a reflected pulse backwards. It should 
be noticed that at the time of proceeding forwards, oa% ball was 
pressing against another and it appeared as if a compression wave was 
moving onwards. 

After the impact, also, the same proeess is repeated backwards. 
Therefore the nature of the pulse is not changed. Similar thing 
happens in the case of longitudinal sound waves. When such a wave 
meets a fixed end , or the surface of a denser medium, a wave of com- 
pression is reflected hack as a wave of compression , and a wave of rare- 
faction is reflected as a wave of rarefaction , — that is, in reflection from 
a fixed and rigid surface , there is no change of type of the wave, 

# 'Now, in the above experiment, if a forward impulse be given to 
one^of the heavy balls, the direction of motion of the heavy ball after 
impact with a light ball will remain the same, forward. But 
the seejnd ball being lighter, the striking heavy ball after impact will 

26 
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move with greater speed, so it will create rarefaction behind it. 
Consequently, in the case of a longitudinal wave meeting a less dense 
medium , the reflected wave staffers a reversal of type ; a compressed 
wave is reflected back at a rarefied wave , and vice versa. 

If both ends of a spiral are free, a pulse of condensation travelling 
to the other end is reflected along the same path as a pulse of rare- 
faction So also a pulse of rarefaction returns as a pulse of 
condensation. 

80. Refraction of Sound. — When sound-waves cross the 
boundary separating two media in which the velocity of trans- 
mission is different, they are refracted, obeying the same laws of 
refraction as for light. The refraction of sound may be demon- 
strated by taking a lens-shaped india rubber bag filled with any 
gas say, carbon dioxide, whose density is different from that of 
air. Refraction of sound, however, has got very little important 
application. 

Atmospheric Refraction. — As the density of air changes due 
to chaDge of temperature it follows that change of temperature of 
air causes refraction of sound-waves. During the day time the lower 
layers of air are at a higher temperature than those higher up. So 
the sound-waves, as they travel will be refracted upwards, i e their 
line of advance will be bent away from the ground , and hence the 
intensity at a distance will be diminished due to this effect. On the 
otherhand, at night time when the lower layers are colder than tho^e 
above, as with layers of air over the surface of water, the bending of 
the line of advance will be towards the ground and the intensity will 
be increased. So in this case, sound from a longer distance will be 
heard much more clearly than in day time. 

Questions 

Art. 26. 

1. Describe an experiment to demonstrate the reflection of sound. 

(C. U. 1946) 

Name a few appliances based on the reflection of sound-waves. 

(Pat. 1944, cf. C. U. ’46) 

Art. 27. 

2. What is an eoho ? (C. U. 1946 ; Pat. *47) 

Why is a succession of echoes sometimes observed ? 

A man fires a gun on the sea-shore in front of a line of cliffs, and an 
observer, equidistant from the cliffs and 300 ft. away from the firer, notices 
thfet the eoho takes twice as long to reach him as does the, report. Fmd by 
calculation or graphically the distance of the man from the cliffs. (Pat. 1922) 
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fHtatfl .— A is the position of the firer and C that of the observer* B is 
the place on the cliffs where reflection takes place. ‘ (See Fig. 13. Part. III.) 

From the question, AN—NC — 150 ft. if A , N and C are in the same st. 
line; and AB^BC-H 00 ft. Hence calculate NB, which is the distance of 
the man from the cliffs.] 

3. Explain liow echoes are produced. How may the phenomenon be used 

to measure the velocity of sound in air ? (L. M.) 

4. A boy standing in a disused quarry claps his hands sharply once every 
second and hears an echo from the face of the opposite cutting. He moves 
until the echo is heard midway between the claps. How far is he then from 
the reflecting surface if the velocity of sound at the time was 1120 ft. per sec. 

[Ans : 280 ft.] 

5. At what distance from the source of sound must a reflecting surface 
be placed so that an echo m ly bo heard 4 secs, after the original sound. (The 
velocity of sound in air is 1100 ft. per second.) 

[Ans : 2200 ft.] 

6. A man standing between two parallel cliffs fires a gun. He hears one 
echo after 3 secs, and another after 5 secs., what is the distance between the 
cliffs ? 

[Ans : 4400 ft.] 

7. Six syllables are echoed by a reflecting surface placed at a distance of 

650 ft. What is the temperature ? 1090 ft. per sec.) 

[Ans: -3°C.] 

8. A cannon is placed 550 yards from a long perpendicular line of smooth 
cliffs. An observer at the same distance from the cliffs hears the cannon 
shot 4 seconds after he sees the flash. If the velocity of the sound is 1100 ft. 
per second, when will he hear the echo from the cliffs. 

[Ans : 1 second after hearing the direct report.] 

9. V/ '5Sxplain tho production of echoes. An echo repeated six syllables. 
The velocity of sound is 1120 ft. per sec. What was the distance of the reflect- 
ing surface ? 

[Ans : 672 ft.] (C. U. 1940). 

Att. 28* 

How is echo employed to measure depths of oceans ? (C. U. 1946). 

1 iff An echo repeats 4 syllables. Find the distance of the reflecting 
surface, if it takes one -fifth of a second to pronounce or hear one syllable 
' distinctly. (Vel. of sound « 1120 ft. per sec.) (Pat. 1944) 

* [Ans: 448ft.] 

Hi. A man standing between two parallel cliffs Ares a rifle. He hears tl^e 
first echo jaf ter 1? secs., then a second 2$ secs, after the shot, then a third 
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echo. Explain how those three echoes are produced. Calculate how many ^ 
seconds elapsed between the shot and the third echo* and oalculate the distance ' 
apart of the two cliffs. (C. U. 1044V 

[Arts : t »4 secs ; Distance*^ x vel. of sound] . 


CHAPTER V 

Resonance : Interference : Stationary Waves 

81, Free and forced Vibrations.— All bodies, no matter what* 
their size, shape, or structure, vibrate in their own natural periods*, 
when slightly disturbed from their positions of rest and left to them- 
selves. Such vibrations are called free vibrations. A bob of a 
simple pendulum, when slightly moved to one side and then released, 
vibrates with its own period depending on its length ; so also large 
structures like bridges, tali chimneys, and large ships on oceans have 
got their natural periods of vibration. 

If a periodic force be applied to a body capable of vibration, and 
if the period of the force be not the same as the free period of 
the body, the body will ultimately vibrate in a period equal to* 
that of the applied force. Such vibrations of the body are called forced 
vibrations. 

Examples. — If a vibrating tuning-fork is held by the stem in the 
hand, the sound will be almost inaudible even from a small distance, 
but if the stem be pressed ou a table, the sound is much intensified. 
The reason is that the vibrations of the fork are communicated to the 
table whioh is thus forced to vibrate at the same rate Due to the 
vibrations of the table a large volume of the air in contact is made to 
vibrate, and the waves thus set up are added to those originating from 
the fork, and, consequently, the sound becomes louder. 

The diaphragm of a gramophone sound box is a common example 
of forced vibration, where the diaphragm vibrates with frequencies 
corresponding to the tones conveyed from the record. The vibrations 
from the sounding boards of musical instruments like violin, piano, 
etc., are also forced vibrations. The sounding board of a violin, iq 
first setAto forced vibration by the vibration of the strings, and then 
the large mass of air inside the board also vibrates and intensifies* 
the sound. 
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32. Resonance.- When a body is forced to vibrate, due to an 
^applied external source, it vibrates with a very small amplitude, if the 
period of the applied force is different from that of the free period of 
the body ; but when these two periods are the same , the body vibrates 
with a much gre iter amplitude. The latter phenomenon is known as 
resonance. Thus resonance is a particular case of forced vibration and 
is produced when one body forces vibrations on a second body whose 
natural frequency of oikration is equal to that of the first. The princi- 
ples of forced vibration and rosonanoe may be illustrated by the 
following experiment. 

Experiment —Pour simple pendulums A , B, G\ and D are sus- 
pended from a flexible support. The lengths of A and B are equal, 
and so they have got the same period of vibration ; G 
is slightly shorter, and D slightly longer than A or B 
(Pig. J 7). When A is set in vibration, the flexible 
support is also set in forced vibration of the same 
period, but of similar amplitude. As a result of the 
vibration of the support, a periodic force of the same 
period is applied to each of the pendulums B, G and D 
which are made to vibrate. It will he found that B, 
whose length is equal to that of A t readily vibrates 
with an equal amplitude. This is the case of resonance. 

The pendulums C and J) at first swing slowly, then 

come to. rest, but ultimately vibrate steadily with the 

same period as that of A t but with smaller amplitude. They show 

forced vibration. 

33. Resonance of Air Column.— The air-column 
within a tube may also be made to vibrate by reson- 
ance when a vibrating tuning-fork is heffl close to 
the upper end of the tube. 

Take a vibrating tuning-fork A and hold it hori- 
zontally over a tall glass jar B. (Fig. 18). Now gradu- 
ally pour water into the jar and note that for a certain 
length ED of the air column inside the jar a maximum 
sound is heard. Pour more water in, the sound dis- 
appears. This strengthening of the sound is called 
icsonance , which, in this case, takes place when the 
period of vibration of the tuning-fork is equal to the 
natural period of vibration of the enclosed column 
of air. 

It will be found, that for forks having different 
frequencies of vibration, the lengths of air-column giving maximum 


3 ? 


B 


• Fig. 18.— 
Resonant Air 
Column. 




406 


INTEEMEDIATE PHYSICS 


resonance will be different. It will be greater or less as the frequency* 
of vibration of the fork is lower or higher (for explanation see Art 55). 

Sounding or resonance boxes — Tuning-forks are often mounted 
on hollow wooden boxes, called sounding or resonance boxes . The 
sizes of these boxes are so arranged that the enclosed mass of air has a 
free vibration, the period of which is equal to that *of the forced 
vibration of the wood of the box. When the fork is struck, it sets the 
wood into forced vibration in the same period, and this agrees with the 
natural period of vibration of the enclosed mass of air ; so the sound 
becomes louder due to resonance. 


34. Resonators — The great German scientist Helmholtz (1821- 
1894) constructed globes of brass, each having a large aperture B for 
receiving sound-waves and a small one A at the 
other side against which the ear is placed. 
(Fig. 19). He utilised the principle of reson- 
ance in his investigations on the quality (see 
Art. 39) of notes emitted by various sources. 




These globes of various sizes are called 
Helmholtz resonators. In a given set of these 
resonators the size of each resonator is such 


that it can respond to a tone of given frequency and the tuning is so 
perfect that the particular tone if present in a complex note can be 
picked up with distinctness, by placing the ear at the small 
aperature A. 


35. Sympathetic Vibration. — 

It is due to sympathetic vibration that if two stringed instruments 
are tuned to the same frequency and if one of them is sounded, the 
other also is automatically excited when placed close by. 


Let two turning-forks of the same vibration frequency fitted to two 
resonance boxes be placed near each other. One of them is bowed 
strongly and then the vibration is stopped by touching it, when the 
other will be found to emit the same note, although it has not been 
bowed at all. This is a case of resonance. The vibration of the second 
fork is called sympathetic vibration. The phenomenon will not happen 
if the frequencies of the forks are not exactly the same. 

If a sequence of small repeated impulses be applied to a vibrating 
pendulum, and if each push be given exactly at the end of one complete • 
swing^gjpr, in other words, if the period of the impulse be exactly equal 
to the period of vibration of the swing itself, the pendulum will vibrate 

t that each succeeding swing will be greater than the previous one. 
for this reason that soldiers are ordered to break step when 
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crossing a suspension bridge, as otherwise the regularity of the impulse 
’ due to the steady marching would agree with the natural period of 
vibration of the bridge, which will set up dangerous oscillations. 
Similarly a ship at sea may be thrown into dangerous oscillations 
when the frequency at which the ship is struck by the wave is equal 
to its natural frequency of vibration. 

36. (a) Interference of Sound. — When two systems of waves 
travel through any medium simultaneously, the actual dis- 
turbance at any point of the medium at any instant is the resultant 
of the component disturbances produced by the waves separately, the 
displ acement at am/ point in the medium being the algebraic sum of 
the displacements dm to the separate wares . This is known as the 
principle of Superposition. If the crests of the two waves arrive 
simultaneously at the same point, i.e if they are in the same phase, 
then they will combine to produce large crests ; and similarly two 
troughs arriving at the same point at the same instant will produce 
deeper troughs. But if the two waves are exactly similar , and if 
conditions aro such that the trouqhs of one wave fall upon the crests 
of the other, i.e. if they are in opposite phases , then they will com- 
pletely annul one another and the result will be the absence of any 
disturbance in the medium at that place and the two sound-waves, in 
such a case, will produce silence . This is the principle of interference 
of wave-motion. 

. By dropping two stones into a pond simultaneously at two 
neighbouring points, two sets of circular ripples are produced and 
when these ripples intersects one another, a definite interference pattern 
is observed. Some linos can be seen along which the water particles 
are undisturbed and there are other intermediate linos along which a 
maximum disturbance occurs. Similarly in sound- wavefT the compres- 
sions of one set serve to neutralise the rarefactions of the other set at 
other points and to reinforce compressions in the other set at other 
points. 

Beats. When two sounds of the same type and intensity of very 
nearly the same frequency of vibration are produced together, a fluctua- 
tion of loudness (waxing and waning of sound) occurs due to the 
mutual interference of the two notes. In the resulting sound-wave the 
component waves reinforce each other at some regions, and destroy 
<each other at other places, and so the sound heard possesses a charac- ’ 
• teristic throbbing or beating effect. This phenomenon is known as 
Beats. The phenomenon may he presented graphically as follows . 

Iq Fig. 20, the dotted curves represent two waves (arranged on 
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the same axis) produced by two vibrating tuning-forks of slightly 

different frequencies. At 
the beginning of a given 
second, the two forks are 
swinging together so that 
they simultaneously send 
out condensations, and 
the result of the two 
condensations will pro- 
duce a double effect upon 
the ear (as at A in 
forks differ, the subsequent 
continuous curve which is 
and is obtained by finding 
the algebraic sum of the separate displacements at each point. 



Fig. 20. — Formation of Beats. 

Fig. 20). But as the frequencies of the 
effect upon the ear is represented by the 
the result of combining these two waves, 


It is evident from the nature of the continuous curve that its 
amplitude varies in a periodic manner, being maximum at A and C, 
and minimum at B due to which there is a periodic change in the 
intensity of the sound heard. At A , where the vibrations are in the 
same phase , the resultant displacement is the sum of the displacements 
of the two component waves, and at h these are in opposite phases and 
the resultant displacement is given by their difference. As the 
loudness depends upon the amplitude of vibration, the sound heard 
through small intervals near A and C is the loudest, whore the ampli- 
tudes are maximum, and it is minimum at B where the amplitude is 
minimum. Such fluctuations of loudness of the sound are known 
aB beats. 


Suppose two tuning-forks having frequencies, say, 256 and 257 per 
second respectively, are sounded together. If, at the beginning of a 
given second they vibrate in the same phase so that the compressions 
and rarefactions of the corresponding waves reach the ear together, 
the sound will ho strengthened. Half a second later, when one makes 
128 and the other 128^ vibrations, they will be in opposite phases i.e. 
a compression of one wave will unite with a rarefaction of the other 
and will tend to produce silence. At the end of one second they will 
again be in the same phase and the sound will be augmented, and by 
this time, one fork will gain one vibration over the other. Thus, in 
the resultant sound the observer will hear the maximum of loudness at 
every interval of one second. Similarly a minimum of loudness will be 
heard ataau interval of one second. As we may consider a single * 
beat to occupy the interval between two consecutive maxima or 
minima, the beat produced in the above cases is one in each second. It 
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is evident, therefore, that when two sounds of nearly the same 
vibration frequency are heard together, the number of beats per second 
is equal to the difference of the frequencies of the two vibrating sources. 
Thus, if and be the* frequencies of the two sources, then the 
number of beats per second is equal to Thus the number of 

beats heard each second is numerically equal to the difference in 
frequencies of the two sounds. 


Number of beats per sec. is the difference between the two 
frequencies 

Let the smaller of the two frequencies be n t and the other differ 
from it by n. Assuming that they start with the same phase, displace- 
ments produced bv the two wave-systems at a point at some instant 
of time t will be given by, 

Vi “a sin 2n n x t and |/ 2 “ b sin 2n{n x ±n)t. 

By the principle of superposition, the resultant displacement will be 
given by, 

+ ?/ 2 «=a sin 2n n x t + b sin 2 n[n x +n)t. 

^sin 2 nn x i(b cos 2 nnt + a) + b cos 2 nn x t. sin 2 nnt. 

This equation represents a wave-equation which may be condensed into 
the form y a F sin (2 n/i x t + *) where F is its amplitude and <, the 
epoch. The values of F and °c can be found by comparing the two 
equations and equating the co-efficients of sin 2^n x t and cos 2 nn x L 
That is, 


F cos < — b cos 2n nt + a and F sin < ■■ b sin 2 nnt. 

By squaring both sides and adding, 

F 2 = b 2 sin a 2 *nt + b 2 cos *2nnt + 2ab cos 2 nnt + a 2 
. *a 2 + h 2 + 2ab cos 2nnt ... (l) 

a i , b sin 2 nnt / 0 % 

Also, tan*= 0 _ . . (2; 

h cos 2 nnt + a * 

It is evident from (l) that the amplitude of the resultant waves varies 
with time. It assumes maximum and minimum values as follows, 
when t — 0, cos 2 nnt *=1, F** a + b (maximum) , 

when £ - n , cos 2 ^nt ** - 1, F^a-b (minimum) ; 

2 n 


when t** * , cos 2^ — 1, F**a + b (maximum) ; 


Thus in an interval of second, two maxima and an intermediate 
n 

minimum take place. Similarly it can be shewn that between two 

• ^ \ 
minimum sounds, a maximum occurs in a period of — sec. So the 

n 

tnumber of beats (two successive maxima or two successive minima 
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produce one beating effect) per sec is «/?*» the difference of the* 
frequencies. 

(b) Tuning Instruments — It should be remembered that beats 
can be heard only when the frequencies of the notes are nearly equal 
to each other ; if their difference is greater than 15 or i6, separate 
beats cannot he heard and a discordant unpleasant noise is the result 
It is for the above reason that musical instruments are tuned by 
means of ‘beats’. If beats are heard between the first overtone (see 
Oh. VII) of p lower note and its octave, say, in the case of a piano or 
organ, it is a sure test that the instrument needs tuning. Beats are 
not heard when the frequencies of the two sounds are exactly equal. 

37 Determination of the Frequency of a Fork by the Method 
of Beats. — Two forks having nearly the same irequencv are mounted 
on sounding-boxes and sounded together. The number of beats in any 
time is counted by means of a stop-watch, and, from this, the number 
of beats per second is determined, which is equal to the difference of 
the frequencies of the forks. By knowing the vibration frequency of 
one of them, that of the other can be determined To know whether 
the frequency of the given fork will be higher or lower than that of the 
other, one of the prongs of the given fork is loaded with a little wax. 
and the number of beats per second is again determined. The fre- 
quency of the fork is diminished by loading its prong, i ence, if the 
number of beats per second obtained after loading the fork is (treater 
than the number obtained before, the frequency of the given fork must 
be less than that of the known fork , if the number be less, then the 
frequency of the unknown fork is (treater than that of the known fork. 

N B The frequency of a fork is increased by filing it. 

The uses of beats are in (a) finding frequencies \ (h) tuning 
instruments . 

F samples — 1. Two tuning foths A and Zi, the Inyunuy of Ii being ol \ are 
sounded toqether and it is found that 5 beats ptr second aie he aid. A is thin filed 
and it is found that beats occur at shot to internals. Find the frequent a oj A. 

(AU. 1910 , r r 7936.1 

Sinoo A is filed, its period is diminished, tmd ils frequency is increased ; but 
because beats occur at shorter internals be. the number of beats increases bv 
increasing the frequency of A , it is clear that the frequency of A is greater 
than that of B. 

If n ± and bo the frequencies of A and B respectively, we ha\e 
n x “ w**5 ; or n x — 512"” 5 ; *“512 + 5 *51 7. 

2 The interval between two tone s is if; and the hiqhet tone wake* 04 vibiatum s 
per second . Calculate the number of beat o< an nun pet second between the tone $ (L.M.) 

Th$ interval is the ratio of tbo two frequencies (see Art. 41b Lott the 
frequency of the first be n, then we have 

7 ;orw»60. The number of beats *= (64-60) ■■ 4 per sec. 

Id 

S* 
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3. A fork of unknown frequency , when sounded with one of frequency 288i> gives 
Cheats per sec. and when loaded with a piece of wire again gives 4 beats per sec . Bow 
do you account for this and what was the unknown frequency ? (Pat. 1945) 

The experiment shows that the unknown frequency n in the beginning was 
higher by 4 and after loading the fork with a piece of wire the frequency n 
was lowered by 4, i.c. it became (288 - 4) * 284. So the unknown frequency 
»- 288 + 4- 292! 

37(a). The conditions for interference of two sounds : — 

(1) The component waves must have the same frequency and 
amplitude. 

(2) The type of the two waves must be similar. 

(3) The displacements caused by them must be in the same line. 

37(b). Experimental demonstration of accoustical interference 

Two separate sources producing waves satisfying the conditions for 
interference can not be realised in practice. That is why, in practice, 
the waves from a single source are divided at a point and made to 
reunite again at some other region after travelling a path of different 
length. Quinke based his 
arrangement on this prin- 
ciple and his apparatus 
consists of a mouth-piece 
A connected to the two 
limbs B and C which 
combine, again into one 
tube. EF against which 
the ear is placed. D is a 
sliding tube, by drawing it 
in or out the length of the 
path AGDE can be suitably altered. A vibrating tuning *fork T is held 
at A and the resulting sound at F is heard. When the sliding tube is 
at I ), the paths ABE and AGDE are equal so that the two waves pass- 
ing through them meet in the same phase at F and produce a maxi- 
mum sound. The path AGDE is then increased by drawing out the 
sliding tube D till a position D t is obtained when a minimum sound is 
.produced. The difT. in path between AGDE and ACD X E is half the 
wave-length. By further drawing out the tube D from D ± to D 2 , again 
a maximum sound is obtained, the shift so made being equal to half 
the wave-length again. Thus the full wave-length of the sound used 

obtained. 

. 38. Progressive and Stationary Waves — 

Progressive Waves. — In a progressive wave all the particles of the 
medium execute simple harmonic motions about their mean positions. 
The phases of the particles change continuously from one to another 
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along the direction of propagation of the wave. So each particle in 
turn goes through a similar movement. The wave consisting of alter- 
nate crests and troughs, or compressions and rarefactions, advances 
onwards with a fixed velocity. 

An ordinary sound-wave in air is an example of longitudinal pro- 
gressive wave and an ordinary water-wave is a transvelse progressive 
wave. 

Stationary Wave — When two exactly similar waves, that is, waveB 
of the same type, period and amplitude, travel through a medium in 
opposite directions with the same velocity and along the same line, the 
resultant wave is known as a stationary wave , where the vibration at 
each point is fixed or stationary in character, that is, there is apparen- 
tly no transmission of vibratory motion from one particle to another, 
and the compressions and rarefactions m the wave merely appear and 
disappear at certain regions without progressing in any direction, the 
amplitude of the resultant stationary wave being twice as great as that 
of either of its components. In such a wave, therefore, the positions of 
nodes, i.e. the points of maximum change of pressure and minimum am- 
plitude of vibration , and those of antinodes or loops , / e. the points of the 
minimum change of pressicre and maximum amplitude of vibration , 
are fixed. 

A stationary wave, results from interference between an incident 
and its reflected wave, in the case of a longitudinal wave directly 

The longitudinal vibration of air-par- 
ticles in organ pipes ( Art 52 ) sets up 
stationary longitudinal waves , and the 
waves set up in a string tightly clamped 
at both ends (see Art. 45) are examples 
of stationary transverse waves . 

In Fig. 21 is shown graphically the 
addition of two tran verse harmonic waves 
travelling in the opposite direction. 
The full curve represents the resultant 
waves obtained by adding the ordinates, 
i.e. the displacements of the two dotted 
curves. The second diagram in the figure 
shows the two waves and their resultant, 
a time IT later than the first ; that is, 
each wave has advanced one-eighth of a 
wave-length U), one to the right and 
the other to the left. The third dia- 
gram shows the waves later than the 


reflected at a plane surface. 




pjg. 21. — Stationary Waves. 
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second, i.e. \T later than the first, and one of the dotted curves has 
moved to the right farther than the preceding one and the other 
to the left farther than the preceding one. The dotted curves exactly 
neutralize one another and the resulting disturbance is represented by 
a straight line. Similarly the fourth and the fifth diagrams represent 
the waves and their resultants respectively after times $ T and \T. By 
taking times §T, %T etc., it will be seen that the same changes are 
produced in the reverse order. 

Note that the points of the lull curves marked N through which 
dotted vertical lines pass are always at rest. These points are called 
nodes. The points midway between the nodes are called antinodes 
or loops. These are points of maximum disturbance. The resultant 
disturbance simply changes the form given by the full curve, but there 
is no forward motion of the wave as a whole. Waves of this character 
in which the positions of nodes and antinodes are fixed are called 
Stationary Waves. 

Nodes and Antinodes. —In a stationery wave, the vibration at 
each point is fixed or stationery in character. Those points at which 
there is maximum change of pressure and minimum amplitude of vibra- 
tion are called nodes. The point midway between any two nodes is a 
point of minimum change of pressure and maximum amplitude of vi- 
bration — such a point is called an antinode. The distance between 
two successive nodes or two successive antinodes is equal to half the 
wave-length of either of the two interfering waves 

Progressive and Stationary Waves Compared.— 

Progressive Wares Stationary Wares 

( i ) All particles of the medium (/) All particles of the medi- 

execute simple harmonic motions um (except at some equidistant 
about their mean positions, and points) execute simple harmonic 
have the same amplitude. motions of varying amplitudes. 

The points where the amplitude 
is minimum are called Nodes. At 
some other equidistant points 
midway between the nodes, the 
amplitude is maximum. These 
are antinodes. The period of the 
S. H. M. is that of the compo- 
nent waves, 

(ii) The taave travels onwards (it) The wave is not bodily 

with a definite velocity. transferred from one part of the 
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Progressive Waves 


(i Hi ) The movement of one 
particle begips just a little later 
than its predecessor, or in other 
words, the phases of the particles 
change continuously from one 
particle to another. 

(iv) Bach particle of the me- 
dium in turn goes through a simi- 
lar movement, ?.e. similar changes 
of pressure and density, as a com- 
plete wave passes through it and is 
restored to its initial condition 
after the periodic time. 

(o) In a complete vibration 
all the particles of the medium are 
not stationary at any instant. 


Stationary Waves 

medium to another ; and the com- 
pressions and rarefactions of the 
wave merely appear and disappear 
at certain regions without pro- 
gressing in either direction. 

(tri) At any instant all the 
particles in any one segment, i.e. 
between two consecutive nodes, 
are in 1 he same phase, but the 
particles in two consecutive seg- 
ments are in opposite phase. 

(/v) The particles at nodes 
undergo maximum change of pre- 
ssure while those at antinodes 
undergo minimum change of pres- 
sure throughout the motion. 


(/>) Twice in each complete 
vibration all the particles are at 
rest at the same moment (see 
line 3, Fig. 21). 


Questions 

Art. 31. 

1(a). Explain clearly the difference between Forced vibration and Reso- 
nance. Give mechanical and acoustical illustrations. (Cf. C. U. 1909) 

(See also Art. 82). 

(b) Write notes on “Forced vibrations”. (Pat. ’47) 

2. Describe experiments to illustrate the principle of forced and free vibra- 
tions and give illustrations in ease of sound. (Pat. 1931) 

Art. 32. 

8. Explain the principle of resonance. 

(All. 1925, ’29, ’45 ; Pat. ’29, ’30 ; C. U. ’29). 

Art. 33. 

4. Explain why, when the handle of a vibrating tuning-fork is pressed 
against a wooden board, the intensity of sound is greatly increased ? 

(C. U. 1915 ; cf. 1920, ’81, ’4 fc 7). 

Art. 34 

5. Explain what do you mean by resonance’ and 'resonators’. 

** (Pat. 1929 ; cf. ’81, ’88 ; All. ’18). 
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6. Explain how resonators are used for the analysis of sound. 

Arts. 46 & 37. 

7. What are beats ? (Pat. 1947). 

How are they produced ? If two tuning-forks sounded together produce 
heats, how would you determine which was of the higher pitch ? 

(All. ’25, ’82, ’44 ; Dac. ’80 ; cf. Pat. ’82, ’40, ’41, ’45 ; cf. C. U. ’88, ’89.) 

8. A standard fork A has a frequency of 256 vibrations and when a fork 

B is sounded with A there are four boats per second. What further observa- 
tion is required for determining the frequency of B ? (0. U. 1988) 

[Ana : The frequency is either 260 or 252. To know exactly the fre- 
quency of B t we should know whether the frequency of A is greater or less 
than that of B.] 

9. You are provided with two tuning-forks of nearly equal frequencies. 

Explain how you would proceed to find out which of the two has the greater 
.frequency. (Pat. 1941) 

Art. 38. 

10. Distinguish between a progressive and a stationary wave giving an 
^example of each and illustrating your answer by diagrams. 

(0. TJ. 1928, cf. ’10, ’39 ; cf. Pat. ’31, ’35 ; All. ’31, ’46) 

11. What are beats and stationary vibrations? Explain by composition 
•of vibrations the production of beats and stationary vibrations. (Pat. 1987) 
((see also Art. 36). 

12. What tire stationary waves ? (C. U. 1947). 


CHAPTER VI 

Musical Sound : Musical Scale : Doppler Effect 

89. (a) Musical Sound and Noise. — Sound may be divided into 
two classes ; (i) Musical Sound , and (it) Noise . 

A musical sound is a pleasing continuous sound which is produced 
- by regular and periodic vibrations ; sounds produced by a tuning-fork, 
a violin, or a piano are all musical sounds. 

• Noise is a general term including all sounds other than musical 
sounds. It is discordant and unpleasant to the ear. 

The essential difference between a musical sound and a noise 
lies in the fact that in the former case the vibrations are regular and 
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periodic ; while in the case of a noise , the vibrations are irregular and 
non-periodic in character. It is, however, difficult to draw up a clear 
line of demarcation between musical sounds and noises, as in practice,, 
musical sounds are seldom free from some irregularities of vibration* 
while, on the other hand, in noises sometimes there is regular periodi- 
city of the vibratory motion producing some regular wave-motion in 
the irregular disturbance. Very frequently noise is accompanied by 
musical vibrations as in the clang of a bell. Moreover the difference 
is subjective The same sounds may appear to be musical or noisy to 
different persons and under different conditions. Therefore, the 
difference is more artificial than real. 

(b) Characteristics of Musical Sound. — Musical sounds may 
be said to differ from one another in three particulars. These are 

(1) Intensity or loudness ; ( 2 ) Pitch : ( 3 ) Quality (or Timbre ). 

(1) Intensity. — It is a measure of the loudness or volume of a 
note. It is an objective consideration and depends on the energy con- 
tained per unit volume of the medium through which the sound waves 
are passing. It may also be measured by the energy which passes 
through unit area placed normal to the direction of propagation. It is 
a characteristic of all sounds, whether musical or not 

(i) The loudness depends upon the square of the amplitude or the 
extent of vibration of the sounding body. When the body vibrates 
with greater amplitude, it sends forth a greater amount of energy to 
the surrounding medium, and, honce, energy received by the drum of 
the ear is also greater. So the sound appears to be louder. 

The energy e of a body of mass m vibrating with velocity v and. 
amplitude a is given by, 

i 9 i ( 2 n 2 ma 2 , . . . 2 

y / = t 9 s0e ^ ’ ‘ * e ** a ‘ 

Therefore the loudness of a note which depends upon the energy of 
the vibration is proportional to the square of the amplitude of the 
vibration. 

00 The loudness of a sound is inversely proportional to the square 
of the distance of the observer from the source. (Inverse Sq. Law). 

Thus the energy received by the observer at a distance of 2 metres 
from the source is only one-fourth the energy which the observer 
would experience when at a distance of 1 metre from the source. 

[Supposing it is required to compare tl^e intensities of the sound 1 
at two points A and B, distant r x and r± from a source of sound from 
£ 
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which the total sound energy emanating per sec. uniformly all around 
is 2?. Draw two spheres with the source as centre with radii r t and r a 
respectively. The amount of energy flowing per unit area normal to 


the surface of the sphere — I a ■* intensity at 4* r - — $ . Similarly, the 
« 

, E 

intensity at B^Ib^z — a . . . _ 

4 nr 2 a Ib r x 

point is inversely proportional to the sq. of the distance.] 


- 9 f . That is, intensity at a 


(m) The loudness of a sound depends upon the density of the 
medium in which the sound is produced. It is seen that the greater 
the density of the medium, the greater the loudness of the sound heard. 


It is seen that some effort is to be made to make oneself heard by 
another in aeroplanes or balloons when flying high up from the surface 
of the earth as the density of air there is much less. For the same 
reason the sound is more intense in carbon-dioxide than in air. 


( iv ) The loudness of a sound depends upon the size of the vibrating 
body. 

If the size be larger, then a larger volume of the medium is put into 
vibration, and hence, a greater amount of energy will pass through 
each unit area. So the sound heard will be louder. 

(v) -The loudness of a sound is increased by the presence of 
resonant bodies . 

• The sound of a tuning-fork, or a vibrating string in air, is much 
intensified when placed on a sounding-box which undergoes forced 
vibration. t 

(2) Pitch. — The pitch of a note depends on the frequency of 
vibration of the sounding body . Pitch refers to musical sounds only. 
Two notes of the same intensity sounded on the same instrument will 
differ in pitch when their vibration frequencies are different. The 
greater or smaller the frequency, the higher or lower is the pitch of 
*the sound. 

(8) Quality or Timbre. — The quality or timbre is that charac- 
teristic of a musical note which enables one to distinguish a note 
soqnded on one musical instrument from a note of the same pitoh and 
loudness sounded on another instrument. 

lEBxperinientally it has been known that a musical note is a 
mixture of several simple tones ; of these the one having the lowest 
frequency, called the fundamental, is relatively the most intense. Its 

27 
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frequency determines the pitch of the note. The notes of the same 
pitch and loudness sounded on two different musical instruments differ 
in quality from each other owing to the difference m the number of other 
tones (or overtones) besides the fundamental, their order of succession and 
their relative intensities . Helmholtz investigated on the physiological 
effects of overtones. He lound that a note possessing tbe'fundamental 
and the first few overtones not exceeding the sixth is very pleasing to 
the ear while a note in which the fundamental has mixed up in it 
more overtones than the sixth and which are relatively more intense, 
produces a metallic and harsh effect. He also found that the phase 
difference between the constituent overtones does not affect quality . 

Since the quality of a note depends on the number of overtones, 
their order and their relative intensities, two notes similar in pitch 
and loudness but differing in quality, will have different wave- 
forms, though the wave-length and amplitude of their fundamentals 
may be the same and their pitch and loudness also the same So the 
nature of the displacement curve of a note represents its quality. 

40. Determination of Pitch.— The pitch of a musical note is 
determined by the frequency of vibration of the source of the note. 
Determination of frequency can be done by the following methods. — 

(1) Savart’s Toothed Wheel.'— This consists of four toothed 
wheels of equal diameter mounted concentrically on a spindle 

fitted to a whirling table 
(Fig. 22). The number * of 
teeth on each wheel con- 
forms to a certain ratio, e.g . 
20, 30, 36, 48. 

A thin metal plate or a 
card-board C is clamped in 
front of the wheel so that 
it lightly presses against 
the teeth of one of the 
wheels W when it is in 
motion, and a sound formed 
by a senes of taps is heard. 
On increasing the speed of 
rotation, a musical sound is 
pioduced, the pitch of 
which depends on (a) the 
number of taps made m a 



Fig. 22.— Savart’s Toothed Wheel (W) 
and Seebecks Siren (D) 


«f»e,!and (b) the speed of rotation. 
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To determine the pitch of a note . the speed of rotation of the 
•wheel is gradually altered by keeping the card against a particular 
wheel until the note emitted by the wheel is in unison (see Art. 41) 
with the given note. Now, if m be the number of teeth in the wheel, 
and n the number of revolutions per second, the frequency N of the 
note is given by number of taps made per sec.^wn. 

(2) Seebeck s Siren — Seebeck’s siren or Pufif siren consists of 
a circular metal disc Z) (Fig. 22) through which a number of equidistant 
small holes have been drilled along concentric circles of varying 
diameter. The disc is mounted on a whirling table. A stream of air 
blown through a narrow tube ending in a nozzle by means of foot- 
bellows is directed to pass through the holes in one of the rings. As 
the disc rotates, the stream of air through the tube is alternately 
stopped and allowed to pass through the holes producing a series of 
puffs at regular intervals. To determine the pitch of a note, the rota- 
tion of the siren is adjusted until the note produced by the siren is 
exactly in unison with the given note. Now, if m be the number of 
holes in the ring used, and n the number of revs, per sec. made by the 
whirling table, the frequency N of the given note is given by N** 
number of puffs made per sec . = 


Note. — The highest frequency up to which a note is audible varies 
from 20,000 to 30,000 per second and the lowest is about 20 per 
second. 

E.va nr»pl <\ — The disc of a siren is miking 10 revolutions per second. How many 
holes must it possess in order that it may produce four heats per second with a tuning- 
fork of frequency 184 ? Which has the greater frequency , the siren or the fork ? 

The number of beats per second is numerically equal to the difference of 
frequencies of the two notes. Hence the note emitted by the sire# must have a 
frequency of (484 + 4) * 488 ; or, (484 — 4) = 480. 

The frequency of the note emitted by the siren A T — no. of holes in the 
siren x no. of revolutions per second. JV**no. of holes x 10. 

As the number of holes must be a whole number, N must be a multiple 
of 10. So the value 488, which is not a multiple of 10, cannot be accepted, 
• Hence A 7 = 480. 

480 

480 “no. of holes X 10, The no. of wholes* - - — 48. Evidently 
the fork has the greater frequency. 

# (S) Cagnaird de la Tour’s Siren —This is a much improved 
form of siren by which the pitoh of a note can be fairly accurately 
•determined. In this siren (Fig. 23) a current of air is blown through 
a pipe into a wind-chest from which it issues through a ring of 
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equidistant holes cut in 




Fig, 28. — Cagniard de la 
Tour’s Siren. 

emitted is equal to mn. 


the circular top of the wind-chest. 
Another disc having holes exactly cor- 
responding with holes in the top of the 
box is supported on the top of the wind- 
chest, and very close to it, in such a 
way that it can rotate freely about a 
vertical axis. The two sets of holes 
are drilled so as to slant in opposite 
directions, as shown in Fig. 23, so that 
the pressure of the air at the time of 
escaping through the holes causes the 
upper disc to rotate, the number of 
rotations being counted by a speed - 
counter S attached to the axle of the 
disc. 

Every time the holes in the two 
rows coincide at the time of rotation of 
the upper disc, a jet of air escapes from 
each hole in the upper disc, and, if 
there are m holes in each of the discs 
and the lid, there will be m puffs for one 
revolution of the disc. Of course each 
puff will consist of m separate lets, but, 
as they take place simultaneously, they 
are regarded as a single puff. Now, if n 
be the number of revolutions of the disc 
per second, the frequency of the note 


(4) Resonance of Air Column. — In the relation V^inl in Art. 55, 
if V and l are known, the frequency n can be determined. 

(5) Method of Beats. — The frequency can also be determined by 
the method of beats, as explained in Art. 37. 

(d) Sonometer. — By tuning a vibrating string on a sonometer 
in unison with a given note, the frequency of the note can be deter- 
mined by the formula 

w- 8 (See Art. 48). 

M m 

(7) Direct or Graphical Method. (Duhamel’s Vibroscope)— The 
frequency of a vibrating fork can be determined by the graphical 
method. A sheet of smoked paper is wrapped round a oylindrioal 
which can be rotated uniformly by means of a handle attached 
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§ to it (Pig 24). A thin metal style is 
’ tuning-fork which is so arranged that 
it can vibrate parallel to the axis of 
the drum and the style just touches 
the smoked paper. As the drum is 
rotated, the style will trace a wavy 
line on the paper. If, at the time of 
the vibration of the fork, two points 
can be marked on the wavy line of 
the smoked paper at an interval of 
half-a-second, or one second, the fre- 
quency of the fork can be determined 
by actually counting the number of complete vibrations between the 
points. 

In order that the amplitude of the waves traced out by the style 
may not decrease owing to effects of friction, in actual practice, the 
fork is excited and its vibrations are maintained^ electromagnetically. 
The tracing time is recorded by means of an electric pendulum which is 
so arranged as to produce a spark at the expiry of a rated interval. 
Corresponding to successive sparks, spots are made on the wavy line 
traced on the smoked paper. The number of vibrations made by the 
fork in the rated interval (and hence the frequency of the fork) is given by 
the number of complete waves found between any two consecutive spots. 

(8) • Palling Plate Method — In this expt. an arrangement is so 
made that a plate may fall freely under gravity. A glass plate P blackened 

preferably by camphor smoke is sus- 
pended vertically by means of a 
thread from two hooks fixed on a ver- 
tical piece of wood B as dhown in Fig. 
25(a). A tuning-fork F to one prong of 
which a very light style S is fixed 
is clamped in front of the plate in 
such a way that the style just 
touches the smoked plate during 
the fall. The fork is set into 
vibration by striking it with a 
violin bow and then the plate is 
released by burning the thread 
between the hooks. As the plate 
falls under gravity the style draws 
a wave-trace [Fig. 25(6)] of steadily 
increasing wave-length upon the 
smoked glass. 



' (a) (b) 

Fig. 25.- -Falling Plate Method. 
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attached to one prong of the 
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Ignoring waves at the beginnings which are very crowded (and 
not suitable for counting ), choose two lengths AB and BC having the 
same number of complete waves. 

Let the velocity of the plate at the point A 888 u , and the time 
required for the plate to fall through the distance AB or BG^t Calling 
AB^li and BG^l^ we have = ut + ^gt 9 The velocity at B being 
(u + qt) % we have 7 2 * (u + qt)t + Igt 2 

(Za-Zi)-^ 2 , or 

If n be the frequency of the fork F and m the number of complete 
waves between AB or BG t we have nt^m. 

n*-— — — from (1). 

t ^ 0 


N. B This method has the disadvantage that by attaching the 
style to the prong, the frequency of the fork is altered. Also there 
may be some friction between the plate and the slide by which the 
free rate of fall of the plate is affected. 


Example . — A small pointer , attached to one of the piongs of a tuning f nth 
presses against a vet heal smoohed plats plate The fotk is set iihtahnq and the qlass 
plate is allowed to fall If 30 waves (an he counted m the first W cm find the 
frequency of vibration of the fork (g — 9b0 cm jsec*) ( Pat 19/3 ) 


We have, the distance fallen, 8 = nt + b gf 9 , but here #=■ 10 


; or = 20 
q 


20 _ 1 _ 
980" 49 *’ 


1 

7 * 


As 80 waves are counted m second, we have frequency w® 30-*- 1 — 210. 


41. Musical Scale. — We express the pitch of a note by the number 
vibrations per second, but pitch can also be expressed by what is 
known as the musical method In this method certain sounds 
constitute what we call a musical scale The musical scale used for 
many centuries by most of the European countries is called the 
Major Diatonic Scale, which affords the simplest and the most 
pleasing succession of notes in an ascending order of frequency. 
This scale consists of eight notes, the lowest one, i e. the fundamental 
note, is named do, and others re , me , etc., and they are generally 
designated by the letters C, A E t F, G, A, S, O'. The note from 
which the scale starts is called the toule or key note. 
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Interval. — The ratio of the frequencies of two notes expresses 
• the interval between them. Thus the interval of two notes having 
frequencies 256 and 192 is tK-I ; 512 and 256 is ; and so on. 

It is the interval which is detected by the ear. In changing from one 
frequency to another, the change-over is not recognised by the 
ear provided fche ratio between them is constant, whatever might be the 
actual frequencies concerned. Certain intervals have names ; thus ? 
is called the octave ; $ the fifth ; £ the fourth ; £ the major third ; 

| the minor third. 

Any two intervals are added together by taking the product of 
their frequency ratios. For example, major third and minor third** 

t* 

Again fifth and fourth = \ f 3:3 r “ octave. 

41. (a). Some Terms . — When the two notes have the same 
frequency, i.e. their interval is 1, they are said to be in unison. Two 
notes, when sounded together, are said to be in concord or consonance 
when they give a pleasing sensation to the ear. This happens when 
the interval between them is a simple ratio such as 2 to 1, 3 to 2, etc. 
But if the ratio is complicated such as 9 to 8, 15 to 8 f etc., they 
produce an unpleasant or harsh effect and they are said to be in 
discord or dissonance. 

‘According to Helmholtz, the cause of dissonance is the production 
, of beats by the interference of the notes. The beats produce a jerking 
effect on the ear-drum and are discordant, just as flickering of light is 
disagreeable to the eye. 

The pleasing effect produced by sounding two notes, which are 
in concord, one after another, is called melody : and when they are 
produced simultaneously, the pleasing effect is called harmony. When 
three notes of frequencies in ratios 4:5:6 are sounded together they 
form a concordant combination which is called a musical triad 
(e g. C : E : (?) and if a triad is sounded with an additional note 
which is the octave of the lowest note of the triad the combi- 
nation is known as a chord. When one musical instrument alone, 
such as a violin or a flute, is played upon, the performance is called 

a Solo. 

» 

' Octave. — One note is an octave (Ok. okto , eight) higher than 
another when their interval is 2 : 1. These notes when played 
together produce the most pleasing combination in the scale. 
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The names and the relations between the notes of an Octave are 
given as follows : 



1 1 Unison 

4 3 Fourth 

16 • 15 Semitone (or limma) 

3 2 Fifth 

10 • 9 Minor tone 

r > 3 Mijoi sixth 

9 : 8 Major tono 

8 5 Minor sixth 

6 : 6 Minor third 

15 8 Se\enth 

5 : 4 Major third 

i 

2 1 Octave 


It will bo noticed that there are five black keys inserted between 
all the consecutive notes except the 3rd and 4th, and 7th and 8th The 
first of these is named C sha?p , second 7) sharp 9 third F flat , fourth 
0 flat and fifth A flat . 

N* B The intervals in the Major Diatonic Scale are a major tone, 
minor tone or a semi-tone As there are two major tones ( D . G and 
G : F), the major diatonic scale is so-called. 

Example —Taking the frequency of vibration of C to be 256 t tind the note which 
makes 380 vibrations per sec , 
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Let x be the vibration ratio or the interval between the two notes, then 

-3-i' 

i is the interval between the note 13 and 0 , hence the required note is 23. 


41(b). Tempered Scale : — Modern music requires frequent 
change of the tonic. For such changes to be possible in the Major 
Diatonic Scale, a very largo number of keys has to be employed and 
this will make the instrument unmanageable. The problem was, 
therefore, how to maintain flexibility of the scale without undue 
complication being necessary. The solution was the tempered seale 
in which besides usual eight keys, five additional intemediate keys have 
been introduced and the intermediate keys have been slightly altered 
in frequencies to make all successive intervals equal. Thus to a very 
large extent, change of tonic (modulation 6f scale) has been made 
possible and at the same time, the simplicity of the instrument has 
been retained. 


42. Doppler Effect. — It will be noticed that the pitch of the 
whistle of a train appears to rise when the train approaches the hearer 
and it falls as the engine recedes from him. Similar effect is noticed 
’•when a motor car passes at a high speed. This apparent change in the 
pitch of a note as perceived by an observer due to any relative motion 
of the source, the observer or the medium, is called the Doppler effeet 
after the name of the Austrian Physicist Christian Doppler (1803-53). 

Apparent frequency : — The apparent change in pitch perceived 
by an observer due to motion of the source, observer and the medium 
ife calculated as follows. — 


°S S x °M M x 6 ol W W x 
Let S and 0 represent the position of the source and the observer 
respectively and the distance SM or OW be equal to the velocity of 
sound in still air (F). Suppose that the source, the observer and the 
medium are all moving in the same direction from left to right. Let 
the velocity of the source (F.s) be equal to SS X i.e. the distance passed 
over by the source in one sec. and similarly the velocity of the observer 
OOx ■ Vo and the velocity of wind MAf x « WW X *“ w. 

' At some instant of time when the observer is at 0, let a wave reach 
liinFfor the first time. After one sec., that wave will be at W l9 for 
the wave travels a distance OW in still air and the air-medium moves 
through a distance WW X in that see. in that direction. All the waved 
received by the observer in that sec. are confined between 0 X W X% 
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since the position of the first wave of that sec. is at W x while the last 
wave is received by the observer when at 0 L . The length occupied by 
the waves O 1 W 1 ™ 7+w- 7 0 . 


Now turning to the source end, the first wave was sent out by the 
source while at S and the last wave while at S x in the, particular sec. 
under consideration. All the waves emitted in that sec. are confined 
between S x and M x , because the first wave reaches M x in that sec.,, 
it having travelled over SM in still air and the air medium having 
moved through MM X . Thus all the waves sent out by the source in 
that sec. are contained within the length Si M x — F+w- Vs. 

If n be the real frequency of the source, it emits n waves in one 
sec. which occupy a length V+w-Vs . If the apparent frequency as 
perceived by the observer under the circumstances as stated above be- 
» lf n x waves are contained within the length V+w-V 0 

n . V+w-V„ V+w-V„ 

So we have, - TT or n x = n x - . 

V+w-vs V+w-Vs 

N.B.— The velocity of the source, or the observer or the medium- 
will be zero if it is at rest. Proper signs, positive or negative, shall 
have to be assigned to them depending on the directions in which 
they move. Remember, the observer moving away from the source is 
positive, the source moving towards the observer is positive and the 
wind moving towards the observer is positive in the above calculations. 

Cxamplea. — 2. What is the apparent frequency of the sound of a whistle of 
frequency 600 from an engine which is approaching an observer at i est at 10 metres- 
per sec . ? { Velocity of sound = 332 metres per sec.) 

Here F 0 =0, w**0 and V s “10. 

. . Apparent fiequency, n l ^nX y + ^_ y - 
882 + 0 — 0 832 

“ 600 * 882 + 0^10 600 * 322 " 619 la PP roximatel y) P er 8eo - 


2, Calculate the apparent frequemy of a note of a whistle of frequency 1000 per 
sec. heard from a tram which is approaching the station at 44 it/sec. where the 
whistle is blown {vel. of sound « 1100 ft /sec.) ? 

Here V a =0, w»0 and V 0 = -44 ft./see. 


Apparent frequency, % = 


VJ-iv 

V+w 


Vo 

V~s 


-1000X — <ri 4 ) = 1QOO 1144 

1000 * liOQ+o-o 1000 Heo 


1040 per sec. 
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Questions 

Art. 39* 

1. Distinguish clearly between the loudness and the pitch of a musical 

note. On what physical conditions of the sounding body do they respectively 
depend ? (C. U. 1909, 12, 14, 19, ’21 ; Pat. 1924, ’28 ; All. ; 24 ; Dac, ’29), 

2. On what do loudness, pitch and quality of a musical sound depend ? 

(C. U. 1931 ; All. i926 ; Dac. ’28, *31 ; Pat. ’28, ’89). 

3. How would you distinguish between (a) musical sound and noise, and 
(b) one note from another ? 

4. How will you explain the difference between pitch and loudness of 
sound by comparing the roar of a lion and buzzing of a mosquito ? (All. 1927). 

[Hints. — The buzzing of a mosquito is due to the motion of its wings 
which vibrate several hundred times a second, so the frequency and conse- 
quently the pitch of this sound is high ; but as the energy put forth is small 
and as the loudness depends upon this energy, the sound is feeble. On the 
other hand the lion being very strong, energy put in the roar is great and so 
the sound is of high intensity or loudness, but of low pitch as the frequency 
of vibration of the sound is small.] 

5. How do you explain why audible notes from different sources can 
generally be distinguished one from another, even when they have the same 
intensity or pitch ? Describe experiments in order to demonstrate the correct- 
ness of your answer. 

6. (a) What is meant by musical scale ? (All. ’46). 

Trace the sounds coming from a violin, flute, a harmonium, and a piano - 
to their ultimate sources. How do these sounds differ from one another, and 
why? (Pat. 1932) j 

• ( b ) Write notejs on “Timbre” (Pat. ’47). 

Art. 40 

7. What do you understand by the pitch of a note ? 

Explain a method of experimentally determining the pitch of the note 
emitted by a given tuning-fork. 

(C. U. 1917, ’32 ; Pat. 1926, ’47 ; All. 1919, ’21, ’24) 

8. Give a brief account of the various methods of determining the fre- 
quency of a fork and discuss their merits. (All. 1928 ; Pat. 1986) 

9. Describe a siren, giving a diagram and explain how you would use it to ■ 
determine the frequency of a given tuning fork. 

(C. TJ. 1921, ’28, ’30, 40 ; Pat. 1020, '21, ’33, ’87, ’40 ; Dac. ’27) 

10. The disc of a given siren has 82 holes. A tuning-fork makes 512 

vibrations per second. What must be the speed of rotation per minute of the 
sigen disc so that the note emitted by the siren may be in unison with that 
emitted by the tuning-fork. (0, U. 1910)' 

l Am : 960 per rain.] 

11. The disc of a siren is making 10 revolutions per second. How many 
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holes must it possess in order that it may be in unison with a tuning-fork of 
frequency 480 ? (Dae. 1982) 

[Am : 48] 

12. A cog-wheel containing 64 cogs revolves 240 times per minute. What 
is the frequency of the musical note produced when a card is held against 
the revolving teeth. Find also the wave-length corresponding to the note 
if the velocity of sound is 1126'4 ft. per second. 

[Am : 256 ; 4.4 ft.] 

18. How would vou determine experimentally the absolute value of the 
frequency of a tuning-fork ? Illustrate your answer with a neat sketch of the 
arrangement described. (Pat. 1941) 

Art. 41. 

14. Define musical interval, harmony, melody and chord. Show that the 

interval aa and ga is obtained by multiplying the int.er\als sa and re and tya, 
but not by adding them. (Pat 1928). 

15. Explain what is meant by pitch of a noto. A note of frequency 084 

is said to be a ‘fifth’ higher in pitch than one of 256. What is the frequency 
of the note a ‘fifth’ higher tliun the 084 note, and what is the difference in 
pitch between it and the 256 note ? (D. M.) 

[Ana : 576 ; a major tone above the octavo of 256] . 

16. A siren having a ring of 200 holes is making 182 revolutions per 

minute. It is found to emit a note which is nn octave lower than that of a 
given tuning-fork. Find the frequency of the latter. (C. U. 1944) 

[Ana: (2x440)] 


CHAPTER VII 

Vibration of Strings 

43. 'Vibration of Strings. — In sound a string is usually under- 
stood to mean a wire or a cord of any material, which is flexible and 
supposed to be uniform in cross-section. These conditions are found 
to be satisfactorily fulfilled by thin metal wires or catgut. Strings 
may vibrate in two ways, transversely and longitudinally . A string 
*can be vibrated longitudinally by rubbing it along the length with a 
piece of chamois leather covered with resin, or by a piece of wet 
flangel. * It can be vibrated transversely by plucking it aside, or by 
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bowing it with a violin bow. When a string is plucked to one side it 
tends to return to its original (straight) position of rest. But owing to- 
inertia that it possesses, it overshoots the mark like the motion of a 
pendulum, and goes over to the other side and goes on swinging to-and- 
, fro with gradually decreasing amplitudes and hence after some time 
it stops. The vibration in this case is mainly due to the tension in 
Uhe string, which, when the string is deflected, teuds to bring it to its 
"initial straight position. In stringed musical instruments , only the 
transverse vibrations of strings are employed. 

44 Reflection of Transverse Waves, (a) Reflection of Wave 
in a string . — Let a wave travelling along a wire, say from left to right, 
meet a fixed support and let the wave meet the support in the form 
of a crest. The end of the wire will exert a force on the support 
tending to move it in the direction of the force. Then, according to 
Newton's third law of motion, the support will react and exert an 
equal and opposite force on the wire which causes a rebound, so that 
the pulse is thrown over on the other side of the string and starts a 
reversed pulse travelling back along the string from right to left. 
Thus, in this case, reflection takes plaee at the fixed ends with 
change of type ; a crest is reflected back as a trough and a trough is 
reflected back as crest . It should he noted, however, that in the case of 
water-waves, which are also transverse waves, a crest mooting a rigid 
wall is reflected back as a crest and a trough is reflected back as a 
trough like longitudinal sound-waves (See Art. 29), and the im- 
portant difference between the reflections of sound-waves at the closed 
and open ends of a pipe should also be noted (Oh. VII). 

(h) Reflection of Water-Wave . — When a water-wave travels along, 
it has both potential and kinetic energy. Part of the onergy is poten* 
tial because a forco must have been applied to and work done upon 
the water to raise it above its normal level, and a part is kinetic , 
because the molecules are in motion. When the waves strike a rigid 
wall or a denser medium, tho motion of the molecules towards the wall 
is arrested, their kinetic energy is reduced, which is then converted 
into the potential, thus increasing the amount of potential energy. 
So the average elevation of the water in the crest is increased and 
the water is piled up against the obstruction, which then runs down 
.juid away from the wall producing a crest like the original wave and 
travelling in the opposite direction. Thus, in the case of a water-waw 
Meeting a rigid wall, & crest is reflected as a crest and similarly a trough 
is Reflected as a trough. 

, 45. Stationary Waves in the String.— When a stretched string 

is plucked aside, a wave will travel along its length with a definite-. 1 
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'velocity. This transverse wave will be propagated to both ends and 
will be reflected at these points. If a complete wave consisting of a 
•crest and a trough is sent along a string crest first, it will return 
as trough first after reflection at the fixed end. These reflected waves 
will return to the centre of the string when they pass each other, and 
go on to the ends to be once more reflected, and so on. * Therefore the 
incident and reflected waves, travelling to-and-fro along the string in 
opposite directions with equal velocities, combine to form transverse 
. stationary m wdves whose position of nodes and antinodes are fixed 
(see Art. 38). 


46. Velocity of Transverse waves along a string. — When a 
string, stretched under tension, is displaced laterally, transverse waves 
v are set up in it. The waves 

travel along the string with a 
velocity dependent on the ten- 
sion and the linear density of 
the string. 

Suppose the string cc t stretch- 
ed under tension T is displaced 
perp. to its length so as to make 
transverse vibrations (through 
plucking, bowing or striking), 
due to which, suppose, the 
summit aEb of the displaced position, is bent into the arc of a 
circle. The transverse wave travelling along the string from left to right 
with velocity V may be imagined to be due to the hump also travelling 
with the same velocity. For the circular motion of an element near 
the summit E of the hump the necessary centripetal force is supplied 
by the tensions at a and V 



Suppose a E^E b and 0 , the centre of the curvature a E b . Let the 
angle a o E be 0. Join o a nnd o b. Draw tangents T at a and b , 
representing tension of the string which produced backwards meet 
at P on oE . suppose the length aEb is S , mass per unit length 
of the string is m and the radius of curvature is- P. 


The components of the tensions T at a and b in the direction PO 

vn c 172 ■ 

(each equal to T sin 0) constitute the centripetal force ~ ' — on the 

P 

&QpftPi the components of T at rt, angles to PO cancel each other. 
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Therefore, 


in. s. v a 



2 Tsin 9«2 T B 


■ SJ. 

B B 


approxly. 


46. (a) Frequency of Transverse Vibration of Strings. — The 

velocity of a transverse wave along a stretched string is given by 


V -Ji- */>'<’ 

m m 


(i) 


where T m tension of the string expressed in dynes mass in 
grams per unit length of the string ; M=* mass of load on the string. 

When the string gives out its fundamental, i.e. note of the 
lowost pitch, the length of the string, l cm. “distance between two 
consecutive nodes = A '2. 

.’. From Art. 7, 

Substituting the value of V in (1) we get, 

2nZ* \/~ ; or n- y-\/“ ... ... ... (2) 

m >11 m 


Again, if p be the density of the material of the wire and r be its 
radius, thfen snd so we have from (2) 




1 

2 l 



P 


1 Ji . V ? - 

2 d np dl np 


(3) 


where d is the diameter of the wire. 

Laws of transverse vibration of strings. — From formula (2) 
we get the following laws of the transverse vibration of strings. 

(1) Law of Length . — The frequency of a note emitted by a string 
varies inversely as the length, the tension remaining constant, that 
is, n « 1/J, when T and m are constant. 

(2) Law of Tension . — The frequency of a note varies directly as 
the square root of the tension, the length being kept constant, that 
is, n * -s IT, when l and m are constant. 

(3) Law of Mass . — The frequency of a note varies inversely &s 
the 'square root of the mass per unit length of the string, that is, 

1/ when l and T are constant. ‘ 

, Again, from formula (3), the law of mass may be put into two 
additional laws for round strings as given below. 
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(a) Law of Diameter. — Tbe frequency of the note produced by 
a string varies inversely as the diameter of the string, that is, w* 1 Id, 
when l and T are constant. 

(b) Law of Density. — The frequency varies inversely as tho 
square root of the density of the material of the string, that is, 

1/ ffp t when l and T are constant. 

47. Experimental Verification of the Laws of Transverse 
vibration of strings. (By Sonometer). — The laws of transverse vibration 
of strings can be verified by means of an instrument, called a Sonometer 



or Monochord. It consists of a hollow wooden box AA, on 
which one or more wires can be stretched. Each wire is attached to a 
peg at one end and passes over two wedge-shaped hard woods B, B lf 
called bnd(jes t and also a pulley at the other end. The string is kept 
by a number of weights E attached at the end. A third bridge G can 
be placed in any position between the other two in order to set any 
desired length of the string in vibration (Eig. 26) 


Law 1. To verify — To verify the law of length, two 

tuning-forks of known frequencies n x and n 2 are taken. One of the 
forks is made to vibrate, and, altering the position of the movable 
bridge C, the length of the sonometer wire is so adjusted that the note 
emitted by that length of the wire, when plucked in the middle, is in 
unison with the note yielded by the fork. Then the frequency n x of 
tbe fork is equal to the frequency of the wire of length l x . Repeating 
the experiment with the other tuning-fork, another length of the wire 
is similarly determined. Let n 2 be the frequency of this fork, and Z a , 
the corresponding length of the wire. It will be found by experiment 


that ** ■ 


n 2 


k 

k 


or, n x li 


n 2 l 2 . 


Repeating the experiment with other 


forks if will be found that “Wais " • . f.e. nl — a constant, 

which verifies the law. 

Law. 2. To verify n** y/T. Stretch another wire, called the 
comparison wire, by the side of the first wire. Let T x be the tension 
on the first wire. A length of the comparison wire is then adjusted 
w^ieh is in unison with the note yielded by the first wire. 
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Let the length be l ± . Now increase the tension on the first wire to 
T 2 ; so the frequency of the note emitted increases. Again another 
length Z a of the comparison wire is found which is in unison with the 
note of the first wire. Let n i and n 2 be the frequencies of the notes 
of the comparison wire of lengths ii and l 2t and so of the first wire 
corresponding to tensions T ± and T 2 respectively. We have by the 


n l 

law of length, — — — v 2 . Again, it will be found by the experiment 

71 2 ^1 



By applying different tension T±, T 2i T a , etc., to the first wire and 
determining corresponding attuned lengths l± f l 2t Isi etc., for which 
the respective frequencies are n±, n 2 , n 2t etc., it may be shown that 
nl *JT is constant. This verifies the law of tension. 

Law 3. To verify n ^ll s]m. — To verify the law of mass, two wires 
of different mass per unit length are taken. The wires may be of the 
same material or of different materials. One of them is stretched by 
the side of the comparison wire by a suitable load. Taking any length 
of the wire whose mass per unit length is m lf a length ij. of the 
comparison wire is determined, which is in unison with the note of 
the first wire. Replacing the first wire by the second wire of mass m 2 
per unit length, and keeping the tension the same, the above experi- 
ment is repeated, taking the same length of the second wire as that of 
the firat. A length l 2 of the comparison wire is found which is 
in unison with the note of the second wire. Then a measured length of 
each of the wires is taken, and each of them is weighed. From these 
wts., mass per unit length (m x and m 2 ) for the two wires is found. 


Let n± and n 2 
comparison wire. . 


be the frequencies of the lengths l ± and l 2 of the 

n l 

We have, by the law of length, — - and it 

n 2 


is found by the 


experiment that 




. Hence — ' Ba or fti *Jm 1 w =n 2 Jm 2 , Repeating the experi- 

n 2 Wi 

ment with otherjvires of different mass per unit length it will be 
found th*t n Jm - a constant. This proves the law of mass. 

28 
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Law 9a. To verify if* lid — Take two wires, of different diameters 
bat of the game material, and prooeed just as in the above experiment 
(Law S). Let h and l t be the lengths of the comparison wire which 
are found to be in unison with the notes produced by equal lengths of 
the two wires having diameters dj, and d 2 respectively. Now measure 
d% and d, with a sorew-gauge. From Law 1, we have njn a m l a ll lt 

n.m1 it will be found by experiment that Hence Wl — j-, 

TO ® ^1 

which verifies the law. 

Law 3b. To verify n^ll *Jp.— Take two wires of different materials 
but of the same diameter, and repeat the experiment exactly as above 

(Law 3a). It will be found that Wl “ yJ P *- This verifies the law. 

W>2 v P i 


N. B. It should be noted that this experiment gives a method of 
determining acoustically whether two wires ai e made of the same 
material or not. 


Notes on Tuning. — In tuning two strings, a tuning-fork and a 
string, or any two notes, two methods may generally be adopted : 

(a) “By Resonance.'* — Tune as nearly as possible by ear. Then 
place a 7-shaped paper rider, or a thin wire rider, on the middle 
of the string, and place the stem of the vibrating tuning-fork on the 
Bonometer box It will set the string in vibration by resonance and 
the rider will be thrown off, if the tuning be accurate It however, 
this does not occur, adiust the length of the string by moving the 
movable bridge until the rider is thrown off. 

(b) “By Beat.”— By adjusting the length of tho string by the 
movable bridge until the two notes (of the string and the fork) are very 
nearly of the same frequency, boats will bo heard, / e. the resultant 
sound appears to give alternate maxima and minima ol loudness. On 
adjusting the length still further beats will become slower, and will 
cease entirely when tuning is exact, i e. when the frequencies of the 
two notes are exactly equal. 

48. Determination of Pitch by Sonometer — (a) The frequency 
of a note can be determined either by keeping the length of the 
sonometer wire constant and adjusting the tension, or by adjusting 
the length of the wire keeping the tension constant, until the string 
is in unison with the note, the pitch of which is to bo determined. 
The latter method is, however, convenient. If the frequency of a 
kming-fork is to be determined, it is pressed against the sonometer 
fijyt after it is made to vibrate. The length of the wire is then adjusted 
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.by means of the movable bridge until the note emitted by this is in 
unison with that of the fork. The length of the wire is then measured 
and the mass of the string per unit length is also determined. The 
stretching weight is noted, and the tension is calculated by multiplying 
it by the acceleration due to gravity. The frequency n is then 


calculated by the formula, n - 



N.B. — By knowing n, the density of the material of the wire can be 
determined from formula (3) Art. 46. 

(b) The pitch of a tuning-fork can also be determined by taking 
another standard fork of known frequency and then determining as 
above a length of the same wire stretched by the same wfc until this 
fork and the wire are in unison again. If n be the frequency of the 
standard fork, n tho unknown frequency ; and l and £ be 

71 £ 

the corresponding lengths of the wire, then, we have, /■» 7 , whence 

n L 

n can be determined. 

49. Certain Terms.— 

Note, Tone —A note is a general term denoting any musical 
sound. It is, however, a complex sound made up of two or more 
simple sounds of different pitches. Each of the simple component 
sounds -is called a tone . A tone cannot further be divided into 
components. 

• Fundamental, Overtone, Harmonic, and Oct ive.— When a 
body vibrates in several different modes, there are prassut in the note 
several tones of frequencies which are multiples of ths freqieocv of 
the original or the fundamental, which is the tone of tin 1 > v**t pitch. 
The other tones are ailed overtones . When the frequencies of the 
overtones are exact multiples of that of the fundament.il, they are, 
in particular, called harmonics . 

The tone whose frequency is twice that of tho fundamental is 
, called an octave higher or the first harmonic of the fundamental. A'l 
tones of frequencies between any number n and 2 n are said to be in 
same octave. 

Harmonics of a Stretched String. — (i) When a string vibntes 
as a whole, it sounds its fundamental. This is the simplest mode of 
df vibration. In this manner of vibration, when the atr ng is plucked 
at its centre there are two nodes N Xt N 9 at the two five? end*, an l one 
antinode A ± in the middle [Fig. 27 (1)3, and the length of the 
string l—V 2. 
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But the string may vibrate in other ways also; 


(ii) If the string be plucked at a point one-fourth the length of the 
wire from one end, and at the same time the middle point of the wire 

is lightly touched, it will vibrate in two 
segments. In this manner of vibration 
there are three nodes and two antinodes , 
LFig. 27 (II)]. In this case 
.* . n L — Vfl ; or, n ± 188 2 n. 

This note is an octave higher and is 
called the first harmonic of the fundamen- 
tal note , 

(iii) In the next mode of vibration, 
if the string is held at one third of its 
length and if the middle of the shorter segment is bowed, the wire will 
vibrate in three segments, and in that case there will be four nodes 
and three antinodes [Fig. 27 (III)]. In this case Z. 



Fig. 27 


3F 

. . n 2 “^ . or7l 2 


3 n. 


* This note is called the second harmonic of the fundamental note. 
In this way it will have all the odd and even harmonics. But if the 
bowing is at random such that the segments into which the string 
vibrates are not regular, tones will also be produced which -are not 
exact multiples of the fundamental. These higher tones are called 
Upper tones or Overtones or upper partials. 


Examples. — 1. An iron wire of J inch diameter is stretched by a weight of 224 
lbs. Find the velocity of the transverse wave along it. (Specific gravity of iron is 7' 8) 


We have 



Here density of iron“62*5 x 7*8 per cu. ft. 

Again m~v x (£x $ x t*)® * * 7 ‘ 8 lbs. per ft. 

and T m 224 x 32 poundals whence }F« 311*6 ft. per sec. 

2. A tuning-fork is in unison with the fundamental note of a stretched stivig and 
the obseerVed readings are the following — 

(1) Length of the string * 35 cms. (2) Mass of 1 metre of the string - O' 323 gms. 
(3) Loads applied = 4 kilograms. Calculate the frequency, (Pat. J 924) 

0*823 

l ■» 85 cms ; m -jgg- =* 0*00823 gms. per cm. ; T = (4 X 1000 x 981) dynes. 
1 / r / 4000 X 981 

We have, «“ 2 yV -^“2x86^ lro6828~ whe “ Ce ”” 497 vibra ' 


per sec* 
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3* The length of a sonometer wire between tivo fixed ends is 100 cms. Wh>ere 
should two bridges be placed so as to divide the wire into three segments whose 
fundamental frequencies are in the ratio of 1 : 2 : 3. {All 1917) 

Let the segments ba l Xi Z 3 , and Z 3 , and let n be the frequency of the note 
given by' l x ; then the frequencies of the other two notes are 2n and 3n res- 
pectively. Eich of the above segments represents the distance between two 
bridges, i.e. twer fixed points, which are nodes. Hence for the fundamental 
note, Zj. = Ll/ 2, 1% =* l 3 /2, l 3 — lj 2, when l lf ? u2 and l 3 are corresponding wave- 
lengths. Thus we have, V-nl 1 = 2nl 1 ; V—2nl 2 — Anl 2 ; and V=&nk 3 — 6nl 3 , 

when V is the velocity of sound along the stretched wire. 

V— 2nl x *= 4nl 2 = 6nl 3 ; or Z x = 2Z 2 a? 3Z 3 . 

But Zx + Za + Za^lOO or 3Z S + §Z 3 + Z 3 « 100 ; or V'Z 3 = 100 

?3“\T cra. ; = W cm. ; 

That is, the first bridge should be placed at a distance of Aft* cms. or 54*55 
cms. from one end, and the second at a distance of cms. or 27*27 cms. 
from the first bridge or 81*82 cms. from the same end. 

Otherwise thus. -Let the segments be Z x , l 2 and Z 8 , then their frequency 
ratios are 1:2:3. J5ut as l cjr - 1/n, we have l x : l» : £3 = 1: \ : ir • 

6:3:2. 

. * . Z x = ft Of 100 - "ft 0 - cm. ; Z a - ft of 100 - ft¥>- cm. ; Z 3 - ft of 100 - ftft cm, 

4. A wire 50 cms. long and of ?nass 6’5 qm. is stretched, so that it makes 80 
vibrations per second.. Find the stretching force in grams-weight. 

How would you double the frequency, (i) by changing the length of the wire ; 
(it) by changing the tension in the above case. (All. 1925) 


W- T - 

l v m 

Here Z = 50 cm., n — 80, m (mass per unit length) « 6*5/60, T- ? On calculation, 


The frequency of the note is given by n~ 


m 6*5 x 80 x 80 x 100 x 100 , 

T s6 dyne8 . 


The stretching force in grams- weight — 


6*5 x 80 x 80 x 100 x 100 a 
50 x 981 


8481*14, 


(i) The frequency may be doubled by reducing the length of the vibrating 
wire to one-half of its former length ; (ii) *JT, hence, frequency may be 
doubled by increasing the tension 4 times, i.e. by applying 4 times more weight. 


5. A tuning-fork gives 15 beats per second when sounded with a sonometer wire 
of length 20 cms. and 20 beats with that of leugth 25 cms . Calculate the frequency of 
the fork . The tension and mass per unit length of the wire are 1'25 kg . and 0'025 gm. 
{$-980 cm. I sec.' 1 ). (All. 1930) 


The frequency of the fundamental note n = 



in which 1 — 20 cms. 


T-JL-25 x 1000 gms, and 0*025 gm, in the first case whence nj.® 175. 



43B 


INTERMEDIATE PHYSICS 


Since the tuning-fork gives 15 beats per second with the sound of frequency 
175> the frequency of the fork is either (175 + 15) * 190 ; or (175 — 15)** 160. 

In the second case, Z“ 25 cms., T and /« same whence 

Hence the frequency of the fork giving 20 beats with the sound of 
frequency 140 is either (140+20) — 160 ; or (140-20) - 120. 

The fork in both the cases being the same, its frequency is 160. 

6 . Two similar strings of a sonometer aie tuned to unison. One is 36 inches 
long and stiet.hed by 100 lbs. Find the u eight on the other one which is 45 inches 
long . (O. U. 1941) 

Here 2’* = 1\ x j where, 

T x -* (100x32) poundals ; Z x — 86 in. ; Z a — 45 in. ; 2’ 2 = ? 

whence 2’ a — 5,000 poundals ■■ 156'25 lbs, wt. 


7, A brtage is placed under the string of a monocliord at a point near the 
middle and it is found on plucking the two parts of the stung that 3 beats per second 
are produced when the load stretching the string is b kilos. If the load be then 
increased to 12 kilos , determine the rate of beating of the two parts of the string . 

(Pat. 1936 ) 


Here, n ± 




No. of beats **8 *7^ - ri% = 


lJm\ l i / 


When the tension is changed to T a , we have, no. of beats. 


n L ~n 2 ' 


JT,( 1 _ 1 \ . 

W/»Vi / 


^ ■=» whence jj«=3'G7. 

® VT 2 


8. Two tuning-forks when sounded together give 4 beats per second. One is m 
unison with a length of 128 cms. of a numochord string wider constant tension and 
the other ivith 130 cms. of the same string . What are the frequencies of the forki ? 

(C. U, 1939) 


Let w i and 7i a be the vibration frequencies of the two forks. From Art. 
46(1) we have, 

n x Jo 180 66 65 . a , 

- AA ; or rt x ^ n 2 ; . . So we have (Art. 36), 

7l a lflS u4 64 

n!-4»7i a ; whence ti 1 *260. 


Questions. 


Arts. 46 & 47. 

1. A sonometer is stretched with a force of 200 gins, weight. 

The force is increased to 800 grammes, (6) the length of the 3tring is 
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halved. How is the pitch of the note emitted by the string affected in each 
Case ? (0. U. 1912) 

[Arts : (a) — 2n± ; (6) n 2 ^2n 1 , i.e . the pitch is doubled in each case.] 

2. The string of a monochord vibrates 100 times a second. Its length is 
doubled and its tension altered until it makes 150 vibrations a second. What 
is the relation of^tho new tension to the original ? (G. U. 1924) 

[Ana : T 2 : Tj : : 9 : 1] 

8. What will bo the frequency of the note emitted by a wire 50 cm. in 
length when stretched by a weight of 25 kilograms, if 2 meters of the wire are 
found to weigh 4*79 grams ? (0. U. 1984) 

[Ana : 320 per sec.] 

4. On what factors does the frequency of vibration of a stretched string 
depend ? (All. 1925 ; ef. C. U. 46) 


When the wire of a sonometer is 73 cm. long, it is in tune with a tuning- 
fork. On shortening the wire by 5 mm, it makes 8 beats a second with the 
fork. What is the frequency of the fork ? (Pat. 1989) 

. 1 J* • 

2(72-5) V w ‘ * n+8 


1 

‘ 21 




725 
78 : 
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5. A wire 50 cms. long vibrates 100 times a second. If the length is 

shortened to 30 cms. and the strotching force quadrupled, what will be the 
frequency ? (All. 1927) 

[Ana : 333-3] 

6. Two strings of the same length and diameter arc constructed of mate- 

rials of ’densities 1*21 and 9 gm/c.c. respectively. Compare the tensions 
which must be applied to them in order that the note given by the second 
String may be an octave below that of the first. (L. M. B.) 

f 1 /m : 4'84 : 9] 

7. A stretched string 1 metre long is divided by two bridges into three 
parts so as to gi\o notes of the common chord whose frequencies are in the 
ratio of 4 : 5 : 6. Find the distance between the bridges. 

[Ana : 32*432 cms.] 

8. A string 24 inches long weighs half an ounce and is stretched on a 

sonometer with a weight of 81 lbs. Find the frequency of the note emitted 
when struck. (Dac. 1984) 


: 101 * 8 ] 

9. State and oxplain the laws of vibration of a stretched string. Why are 
the strings of musical instruments mounted on hollow wooden boxes ? 

* A brass wire (density 8’4), 100 cm, long and 1*8 mm. in diameter is stret- 
ched by a weight of 20 kilogtaips. Calculate the number of vibrations which 
it makes per second when sounding its fundamental note. (g M 980 cm. per 
sec 2 .) [Ana : 47*88 nearly.] , (0. U. 1980) 
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10. State the laws of transverse vibration of a stretched string and 
describe experiments to verify them. 

(0. U. 1925, ’84, ’86, ’41 ; All. ’27, ’29, ’45 ; Pat. ’23, ’27, ’38, ’37, ’40, ’42). 

11. A stretched •wire under tension of 1 kg. weight is in unison wilh a 
fork of frequency 820. "What alteration m tension would make the wire 
vibrate in unison with a fork of frequency 256 7 



. • 820 « J 1 

’ ’ ’ 256 * 7' 8 


or T 2 


16 
25 ‘ 


So the tension should be reduced by 1 


16 

25 


or ¥o kg.] 


12* How would you verify with somometer the law connecting the fre- 
quency of a stretched string with its tension ? If an additional weight 75 lb. 
raises the pitch an octavo, what was the original tension ? (L. M.) 

[Aw : 25 lb. wt.J 

13. Given two tuning-forks, how would you determine the pitch of the 
note emitted by one of them if that of the other is known ? 

(C. U. 1919 : Pat. 1930). 

14. How would you verify the relation between the pitch of the note 

emitted by a stretched string and its tension ? (Pat. 1948) 

15. Explain how you would find acoustically whether two wires are made 
6f the same material or not. 


16. Wires of brass and steel are stretched on a sonometer and arc adjusted 
to emit the same fundamental note. The two wires are of equal length, but 
the tension of the brass wire is 5 kg. weight and of the iron 3 kg. weight. 
Assuming that the steel wire has a diameter of 0*8 mm., find that of the 
brass. (C. U. 1946) 


. a /5 density of iron 

Arts: 0 8 V 8 density" of brass 


Art. 48. 

17. Show how the frequency of a tuning-fork is determined with the help 
of a stretched string, (Pat. 1987 ; All. ’45 ; C. U. ’45) 



CHAPTER VIII 


Vibrations of Air Columns : Longitudal Vibrations 
of Rods (Dust-tube Experiment.) 

51. Stationary Vibration of Air Column within Organ Pipes. — 

The column of air enclosed in a pipe can be set into momentary 
vibration when any sudden disturbance is communicated 
to it, or the pressure at the mouth of the pipe is suddenly 
-altered. For example, a sound is produced by suddenly 
withdrawing a cork from a tightly corked cylindrical 
bottle, because the sudden withdrawal of the cork disturbs 
the air-pressure at the mouth of the bottle which is the 
•cause of the vibrations of air in the bottle. The whistling 
sound produced by blowing across the open end of the 
barrel of a key is also another example of vibration of 
air column. In various musical instruments such as flute, 
clarinet, etc., the musical sound is produced and maintained 
by vibrating the air column enclosed within the pipe. 

Air column in a pipe, closed or open, vibrates longitudinally 
when disturbed at the mouth. 

An organ pipe is the simplest form of a wind instru- 
ment. Fig. 28 shows a longitudinal section of an organ Fig. 28 
pipe. It consists of a hollow tube BD in which air can be Closed 
blown through a pipe A. The air issues through a narrow Organ Fipe 
slit 'B % and strikes against the sharp edge 0, called the lip , of the 
.mouthpiece. This sets up vibrations in the air column enclosed in the 
pipe. When the blast is directed into the pipe it produces compres- 
sion, and when directed outwards it can, by suction, produce rarefac- 
tion at the lower end of the air column. An organ pipe is called 
closed or open according as it is closed at one end or open at both 
ends. 

(a) Closed Organ Pipe. — As air is blown through the pipe (Fig. 28) 
it strikes the edge, and a slight upward deviation of the air-blast 
produces a compressed wave which travels to the closed end (which is 
•a rigid wall), and so the air near the end is compressed to a pressure 
greater than the atmospheric pressure. This compressed air forces 
back the air behind it in order to return to atmospheric pressure, and 
in so doing it starts a compressed wave which returns along the pipe. 
Thus a compressed wave is reflected from the closed end as a com- 
pressed wave, and returns to the mouth. But the mouth being open, 
and the air-free to k expand, the pressure of the compressed wave pushes 
the sheet of air outside and so the layers of air relieve themselves from 
any strained state and -as a result there is reversal of the type of the 
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wave and so a wave of rarefaction starts inside (Art. 29). This wave of 
rarefaction again comes back to the mouth as a rarefied wave after* 
being reflected at the closed end. This is again reflected as a compres- 
sed wave at the mouth which is a free end and is also intensified by 
the compressed wave directed inwards, by the blast of the air outside. 
In this way, of the vibrations of various frequencies set up by the 
impact of the air blast with the lip C of the pipe, the air column inside 
the pipe takes up only those with which it can resound, and pulses 
pass up and down the length of the pipe, the result being the propaga- 
tion of a musical note and the pipe is found to 'speak 1 . 

The result of the reflected pulse meeting with the direct ones is a 
stationary longitudinal wave set up inside the pipe where the nodes 
and antinodes occur at definite places. The air at the open end is free 
to move inwards or outwards with the m.acimnm freedom and , therefore , 
it is the seat of an antinode . The closed end being a rigid wall , the a?r 
in contact with it has the least freedom of movement and so the closed 
end is alioays a node . 

(b) Open Organ Pipe — In an open pipe, when a compressed wave 
reaches the far end, the air at that point is for an instant at a pressure 
greater than ordinary atmospheric pressure, and the mouth of the tube 
being open, the air there can vibrate with the utmost freedom and so 
suddenly expands into the surrounding air. Thus tho pressure dimi- 
nishes so quickly that it falls somewhat below tho pressure of the 
surrounding air, which causes a sudden rarefaction at tho end of the 
pipe. This Bets up a rarefied wave which passes back along the pipe. 
This rarefied wave is reflected back as a wave of compression at the 
other free end. Within the tube, the reflected pulses meet with the 
direct ones blasted into the mouth from outside and the result is the 
formation of a stationary longitudinal wave having nodos and anti- 
nodes at definite intervals. Both the open ends of the tubo are seats 
of antinodes, the air there being most free to move either inwards or 
outwards. For the fundamental tone emitted by the tube, there is 
one node between these two antinodes. 

52 Fundamentals of a Closed and of an Open Organ Pipe of 
the Same Length — 

Closed Pipe. — In the simplest mode of vibration in the case of a 
closed organ pipe, there is a node at the closed end and an antinode at 
the open end. In a stationary wave the distance between, two conse- 
cutive nodes , or two consecutive antinodes , is equal to one-half the wave- 
length .* so in this case the length of the tube is one-fourth of the 
wave-length ; i.e., the wave-length is four-times the length of the tube. 
This is the fundamental tone. 

Let 71} and represent frequency apd wavelength of the funda- 
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mental tone given by a closed pipe of length l. Hence A 1 *»4i; and* 
'T»n 1 A 1 , where V is the velocity of sound. 

V V 
’ ' ni=S, \ “ 4l‘ 

Open Pipe. — In the case of the fundamental of an open pipe , i.e . a 
pipe open at both ends, there is an antinode at each end of the pipe 
with a node in the middle. If n and A' be the frequency and wave- 
length of the fundamental tone for the open pipe, we have- 
A' *2 1 Again, 7=n'A'. 

. i V V 

■■ n “T“« 2ni - 

Hence, the pitch of the fundamental of an open organ pipe is twice , 
i.e . one octave higher than that of a closed organ pipe of the same length : 

N N N 

N. B. — If an open pipe, while giving ... 

out a note, is suddenly closed, the pitch of :\ / \ f \ 

the note at once decreases and the sound / \ / \ { \ 

emitted becomes less sharp. If an organ » \ / \ ^ 

pipe is closed at one end by a movable j \ ; ' [ * / 

shutter, the pitch of the note emitted by j \ V / 

the pipe is found to rise on slowly opening j * 

the shutter and to fall as the shutter is j \ » ! / \ 

gradually closed. .* ; \ j j V 

* » \ j 

52 (a) Overtones (or Harmonics) of \ / A 

Organ pipes — Production of harmonics • /\ 

depends to some extent on the nature of j / \ \t / 

excitation of the tube. If the air is blown j \ */\ 

more and more powerfully, the nature of j \ / \ 

the stationery waves remains the same ' 1 ^ ' 

no-doubt but the number of nodes and A 
antinodes is increased i.e. higher and higher 

harmonics are produced. Frequencies— 

n 2 on i on 1 

(i) Closed Pipe — In the case of a (a) (6) te) 

•closed pipe, the closed end is always a node Fig. 29. 

and the open end always an antinode [Fig. 29 (a)]. The next possible 
mode of vibration after the fundamental is to have one intermediate 
node and one antinode [Fig. 29. (h)\ 1. or the length of the pipe l is 
• three-fourth of the wave-lfcngth A lf so, in this case, A 5 

• Jf n 2 be the frequency of the note, n 2 **37/4?. Hence, ■■ 3» lf 

where n x is the frequency of the fundamental. 

For the next higher overtone, there will be two nod&s and two ■ 
antinodes alternately placed fFig. 29 . 
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In this case, A 3 « |J ; and the corresponding frequency 5F/4Z. 
Hence, n 3 “Sth, and so on. In the case of a closed pipe, therefore, 4 
only harmonics proportional to the odd natural numbers are present , and 
this makes the quality of the note given out by a closed pipe lacking 
in fullness . 

Harmonics of a Closed Pipe. — 


No 

Wave-length 

Frequency of 

Relation with the 


in air 

the note 

i .. 

fundamental 

1 

U 

3 

H 

II 

■ 

Fundamental 


■!« 

1 

8F 


2 

“ 2 ~ M 

n 2 «=■ 3% 

Q 1 


\ 5F 


3 ! 

i 

j 



&c. ! 

&c. 

&c. 

&c. 


Therefore in a closed pipe the possible frequencies of vibration are 
in the ratio 1:3:5: 7, etc. 

(ii) Open Pipe. — We have already seen that in the case 
of the fundamental of an open pipe, there is an antinode at each 




end, and a node in the middle [Fig. 30 (a)]. 
If n be the frequency of the fundamental, 

»'-7/ 21 

For the next overtone , there will be two 
intermediate nodes and one intermediate 
antinode [Fig. 30 (&)]. In this case A" = 
2Z/2 = the length of the pipe and the fre- 
quency n" = 7/1 -2n f i.e. it stands an 
octave higher than the fundamental. 

In the next overtone , there will be 
three intermediate nodes and two inter- 
mediate antinodes [Fig. 30 (c)]. In this 
case A'" — 2Z/3, and the frequency, 
n"' — 3F/2Z 553 %ri ; and so on. 


Frequency — 

n 8n 3n Hence, in the case of an open 

(a) (b) (c) pipe, both odd and even harmonics are 

, v *'Fig. SO present, . * f. 
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Harmonics of an Open Pipe.— 


No. 

Wave-length 
in air 

Frequency of 
the note 

Relation with the 
fundamental 

1 

• „ 

, V 
n= _ 

Fundamental 

2 

l \ 

V 

ft * 

n - - ; - 

n =2 n 

3 

1 

,,» 3r 

n ~u 

w / 

n on 

<fce. 

&C. 

i 

i 

&e. 

&c. 


Therefore, in an open pipe the frequencies of the fundamental and 
overtones are in the ratio of 1 : 2 : 3 : 4, etc. 

It should be noted that the note given out by an open pipe is an 
octave higher than that given out by a closed pipe of the same length , 
and that owing to the presence of all the harmonics proportional to the 
natural numbers in an open pipe, the quality of the note given out by an 
open pipe is richer and sweeter than that given out by a closed pipe. 

53. Effect of Temperature and Moisture on the Pitch of an 
Organ Pipe —The pitch of any sound (which depends upon the fre- 
quency of vibration) is given by the relation 7=* •• w. A ; so anything 
which changes the velocity 7 will also change the frequency or wave- 
length or both. In an organ pipe the length which determines the 
wave-length does not change appreciably with change of temperature. 
The velocity increases with temperature and so it follows that a rise 
of temperature of an organ pipe increases the frequency and so the 
pitch of the note emitted by it. The presence of moisture diminishes 
the density of air in the pipe and so it increases the velocity (Art. 18) ; 
and consequently the pitch of the note emitted also rises. 

Example.— If the frequency of the note emitted by an organ pipe is 260 in a room 
at a temperature of 0°C„ what ivill be its frequency if the temperature rises by 27* C ? 

( 0 . L.) 

• We know ‘hat, y a °~= \/ 27:8 + 27~ (Ari 18) 

• If n 0 and rc 27 be the frequencies at 0°C., and 27°C. respectively, 

V a7 *= n 27 l and n 0 * 260. 0 0 ’ 

• . Uo n 0 f 278 , 

•• vr~ ^7 v boo ; wh « noe 5 - 
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54. Position of Nodes and Antinodes in an Open Organ Pipe.— 

'The position of the nodes and antinodes in an open organ pipe can be 
•demonstrated by the following experiments. 

Experiments. (1) An open organ pipe constructed with one of its 
sides of glass is taken (Fig. 31). A small ring covered 
with a piece of stretched thin paper, and suspended by 
strings, like a scale pan, covered with some dry sand 
granules. This is gradually lowered into the pipe, while 
the pipe is gently blown to give out its fundamental 
tone. It will be seen that the particles remain still in the 
middle position of the pipe indicating a node i.e a place 
of minimum agitation of air-particles, and that at the 
top and bottom of the pipe, the sand particles dance 
vigorously indicating the positions of antinodes, — 
places of maximum agitation of air- particles. 

Blowing the pipe more strongly in order to have 
•other overtones and noticing the dancing of the sand granules, other 
positions of nodes and antinodes can be discovered. 

N. B It should be noted that an antinodo will occur wherever 
there is free communication between the inner and the outer air. 




Hence by opening a hole in the wall of 
an open pipe, an antinode is created there 
in addition to the two antinodes at the 
two ends of the pipe ; and the column of 
air will vibrate by satisfying the condi- 
tions already stated. Thus the note 
emitted by the pipe is at once changed. 
From this the reason of having different 
notes from ordinary bamboo or tin flutes, 
or from instruments such as clarinets, 
piccolos, etc., by opening and closing 
holes in the tube of the instrument, 
is clear. 

Manometric Flame Method — 

Another method of studying the varia- 
tions in pressure- at the nodes and the 
antinodes in an organ pipe was devised 
by Koenig, a German, and is known as 
Manometric Flame (or Capsule) method. ■ 

A circular aperture is made at any 
desired point in the wall of an organ 
pipe and^is then covered with a stretched 
diaphragm of thin 1 rubber. A piece of 
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.metal iii the form of a capsule is fitted on the aperture so that the 
membrane constitutes one side of a small chamber fitted with two 
narrow pipes through one of which G (Fig 32c) coal gas is led which 
escapes through the other terminating in a pin-hole burner where the gas 
is burned. Any vibration of the air inside the pipe, which forms the 
other side of the chamber C, throws the membrane M in contaot with it 
into similar state of vibration and which again oauses corresponding 
vibration in the pressure of the gas in the chamber 0, and thus a corres- 
ponding change takes place in the length of the flame. If the change in 
pressure be periodic, the length of the flame also varies periodically. 
But the change in pressure being very rapid the alterations in the 
length of the flame cannot he followed by the eye due to persistence 
of vision To render thorn distinct, the light is received on a cubical 
box having piano mirror on its four sides (Fig. 32a) which may be 

rotated rapidly about a vortical axis in front of 

the flanio, and the successive steps of the flame 
are seen by looking at the reflection of the flame 
t,ho rotating mirror. When the flame (Fig. 


x x 


(a) 


in 

3 2h) burns steadily a continuous band of light ________ 

will appear on the rotating mirror. So when 
the manometiic flame is at an antinode , where 
there is no variation of pressure of the vibrating 
air column (see p. 1 11 Art. 51), the membrane 
will not be agitated and so the flame is quite Fig. 33 

steady,* and a long band of light will appear on 

the mirror. When, however, the flarue is at a node where there is the 
• maximum change of pressure, the flame jumps up and down with a 
frequency equal to that of the membrane and the reflection in the 
rotating mirror presents a hroken-up-toothed-appearance. 


Fig. 33. represents the appearance of the flame in the revolving 
mirror produced by different tones. Fig. 33(a) represents that due 
to an organ pipe blown gently, and Fig. 33(b) that due to the pipe 
blown hard having double the frequency. 


Comparison . — The manometric flame method is also applied in 
comparing the frequencies of hoo organ pipes. When a capsule is 
applied at a node in each pipe and the corresponding flames are 
examined side by side it will be found that n teeth in one image will 
opeupy the same length as n teeth in the other. So the frequencies of 
the two pipes are evidently in the ratio n : n' . 


Examples.— J. If the levqth of an open organ pipe sounding its fundamental 
note be one metre y what hU all fcc the length of such a pipe m order that it may sound 
the fifth of the previous note ? [Pcti, J92Qii} 
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If l x be the length of the pipe giving out its fundamental and l s the fifth of 
this note (see Art. 41), then, in the first case, 

F—2nZ lf where n is the frequency of the fundamental note. 

Now because a fifth corresponds to a ratio of $, the frequency in the second 

case is ~ ; hence, F—2 x ^-x Z 9 * 3 nl 2 ; 3 nl 2 — 2nl x (v V is constant) 

»2nXl (v Z*=l metre) ; metre. 

Thus the length of the pipe sounding the fifth of the fundamental is § metre 
or about 66*6" cms. 

2, The top of an organ pipe is suddenly closed. T) it emits next above the 
fundamentals in both the cases and the difference in pitch be 256 , what was the pitch 
of the note emitted originally by the open pipe ? [Pat. 1938] 

Let Fbe the velocity of sound in air and n ± the frequency of vibration of 
the open pipe next above the fundamental, then we have F//, where l is 
the length of the pipe. When it is closed, it becomes a closed pipe having a 
frequency of vibration n 2 , say. As the pipe now emits also the frequency 
next above the fundamental, we have, n 2 * 3 F/44 ; but n 2 = n ± - 256 (h ± being 
greater than n 2 ). 

3 F 3 

— 206“ T’tti ; whence 1024. 

44 4 


3. Two open pipes are sounded together , each note consisting of the fundamental 

together with two upper harmonics One fundamental note has 256 vibrations per 
second , the other 170 Would there be any beats produced ! Tf so, how many per 
second ? [C. U. V 31} 

The vibration frequencies of the first pipe are 256, (256 x 2) or 512, and 

(256x3) or 768 : and those of the other 170, 343 and 510. Of these notes 
two have got very nearly equal frequencies, viz., 512 and 510. So there will 
be beats, and the number of beats per second* 512 - 510 = 2. 

4. JTwo organ pipes give 6 beats when sounded together in air at a temperature 
of 10°C . How many beats would be given when the temperature is 24° C, ( Velocity 

of sound in air at 0°C. is 1088 ft. per sec.) [All. 1932 ] 

In the case of an open organ pipe the velocity of sound in it at 10° C., 
F«2wZ, where l is the length of the pipe and n is the frequency of the note 
given out. For another pipe whose length is F= 2w' l\ where n is the 


frequency of the note. Number of beats — n — n* 


V(1 1 \ 

‘2 \i- i r 


6 


( 1 ) 


Now if F'be the velocity of sound at 24°C., no. of beats 2V— ). ... (2) 

2 \l If 

From (1) and (2), N/6- V'jV. But F- V u + 2t ft. per sec., where F 0 is 
the velocity of sound at O e C. “1068 + 20 = 1108 ft. per sec., and F- 1088 + 2 x 
24= 1186 ft. per sec. 

, N 1186 * T ™ 

.. Jiqq • or . . Number of beats - 6‘15. 

/ 6»Tm organ pipe*, one closed at one end and the other open -at both .ends, are 
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respectively 2'& ft, and 5 ’ 2 ft, long. When sounded together , the number of beats heard 
was found to be 4 per second. Calculate the velocity of sound, [Pat. 1941] 

Let n% and n 2 be the frequencies of the closed and open pipes respectively. 

Then «i- 4 ^ 5 - 10 ; and ^ No. of beate-4-n, 

V V 

■“ -Jo" ” 4 ’» whence F«*1049 ft. per second. 

55 Velocity of Sound by Resonance of Air Column — A vibra- 
ting tuning-fork F is held close to the upper end of a glass tube 
vertically placed in a long cylinder almost full of water (Fig.34) On gra- 
dually raising or lowering the tube, a particular length of air column in 
the tube will be found when the sound will be strongly reinforced. 
Thus it is an arrangement for a closed pipe of adjustable length. 
Adjust the position of the tube when the intensity of the sound becomes 
maximum. In that position the frequency of vibration of the air 
column agrees with that of the fork and, the fork and the air-length 
in the tube are then said to be in resonance. It should be noted 
that the pitch of the sound heard is independent of the diameter 
of the tube, and also of the material, whether glass or metal. The 
action may be explained as follows : — 

Each movement of a prong of the fork towards the mouth 
of the tube compresses the air in front of it, and thus sends a com- 
pressed wave down the tube. The compressed wave _ ]===£=□ 

on roaching the surface of water, which is denser | F 

medium, is reflected back as compressed wave 11 L 

(Art. 29). This reflected compressed wave on reach- ]]r 
ing ’the open end of the tube is relieved from the 
.strained condition by moving sideways and it is *1 T 
again reflected, but. this time, as a rarefied wave 
which starts down the tube (see Art. 51). Now, if r . : . -I; 

the prong has just at the same instant reached the r. '?. y 

extreme downward position and begins to move 
upwards, a wave of rarefaction will proceed down- 3 Ho- 

wards into the tube. The reflected rarefied 
wave will coincide with the rarefied wave started 
down the tube due to the backward motion of the r\rJK 

; fork, and so will be intensified . Again, the reinforced 11 | t£^ d| 
waves will be reflected back from the closed end 
(water surface) as rarefied wave, which reach the 84 

open end just when the prong begins to move down. 60 the wave of 
cdmpressiun formed by the reflection of the rarefied wave at the open 
dud is helped by the fresh compressed wave sent by the prong. This 
shows that the fork and the air column of the tube agree in motion, 
( i.e . their time-periods are the 6ame). and so resonance is produced^ 
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Thus resonance is the intensification of sound due to the union of 
direct and reflected waves. 

From the above it is evident that when resonance is produced, the 
wave travels over twice the length of the air column in the time taken 
by the prong to make half a vibration. Therefore, 
in a complete vibration of the prong, the , wave travels 
over four times the length (Zj of the air column AN 
(Fig. 35). We have, therefore, A/4-, or A- 4 Z t where 
A is the wave-length, and Z* the length of the air 
column. But, if F be the velocity of sound, and n 
the frequency of vibration of the fork, we have, 
F-wA; F-4Z t 7i. 

In fact the antinode is not exactly at the mouth 
of the tube but is a little outside the tube, the 
distance deponding on the diameter of the tube. Lord 
Baleigh has shown that this correction is 0 6r, and thus the effective 
length of the vibrating air column is Zi +0 6r, where r is the radius of 
the tube, and 0*6r is called the end correction. 

Hence, V-4n(l L + 0'6r). 

Thus from the resonant air column the velocity of sound can be 
determined by knowing the frequency of the lork. 

If the temperature of the air in the tube is Z, the velocity of 
sound at 0°C. can be found from the relation 



Fig. 35 


■ - VoV : 


i + 


273 


or Vi — FoV^yg* w ^ ere * 8 the tempera- 


ture upon the absolute scale corresponding to t C. 

The end correction can be avoided in the following way — In 
the first position of resonance Z t (Fig. 39)“ A/4, but if the 
tube be sufficiently long, then by raising the tube further 
out of water a second position of resonance, of weaker 
intensity, may be obtained where the length of the 
resonant air column l 2 (Fig. 36)“3A/4 [see Art. 52(a), 
p. 443]. 

A 


since, in the first case ^ « Z x +0 6r, and 
3A 

in the second oase, - ■* 1% + 0‘6 r, 

3A A A 

we have, — - i " "o F-nA-2 w(Z 2 -Zj 


f |Aj ; 

nV 




: A: 

J 


y 

u 


Fig. 36 


4 2 

By this means the wave-length can be determined without con- 
end-correction. 
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. N. B. In order to obtain the velocity of sound in dry air the 
result corrected form temperature should also be corrected for moisture 
contained in the air by the formula of Art. 19 . 

Examples.— 2. You are provided with a vessel containing wa*cr, a glass tube 
about 40 cnis. long , open at both ends , and a tuning-fork whose frequency is 256, 
What experimental result do you expect ? {The velocity of sound in air is 33J"0 cms, 
per second nearly). (0. U. 1914), 

Let l be the length of the air column which '‘emits the fundamental note. 
Then, wave- length *42. Velocity of sound = frequency x wave-length ; 

or 83280“ 256 x 42, whence /= a 82 , 5cms. r 
that is, (40 — 32*5) or 7*5 cms. of the glass tube should be dipped in water when 
resonance will be produced. „ ' :*$: ' 

2 . A timing-fork is held above the mouth of *n closed glass cylinder , whose 
capacity is 150 cubic inches and height 14 inches and water is poured s owly until 
the most perfect resonance is obtained . The volume of the water introduced wis 
20 cu.m. What was the vibration number of the lulling- fork f (Velocity of sound 
in air » 1120 ft. per sec.) 

Volume of air in the tube for resonance - 150 — 20=^ 130 cu. in. 

150 

Area of cross-section of cylinder = ^ sq. in. Length of air column 

for perfect resonance. /“ 130+ *^—12133 in. ; 

150 

Again ^ = wt‘ 2 , where /*= radius of cylinder* whenoe r"l*85 


Hence end correction " 0'6r = 0*6 x 1*85 = 1*11 in. We have, V»4n (Z + 0'6r), 
where n is the required frequency. 

.*. (1120 X 12) = 4n x 13*24 (V V= 1120 X 12 in.) ; whence n- 253*8. 

3, A certain tuning fork first produced resonance, in a glass tube with an air 
column of 33 cm. and it could again produce resonance ivith a column of 100*5 cm, 
in the same tube. Calculate the end- correction. , , i , {All. 1921). 

In the first case, if li be the length of air column for resonance, the effective 
length of air column = + x, where x is the end- correction. 

.*. + where k is the wave-length. ; In the second case, if l 2 be 

•the length of air column for resonance, the. effective length" l 2 + x 


Z a + a j = 



Zg ^ 

3 ’’ 


. *.* Z x "33 and Z 2 *“ 100*5, a?*® 0*75. 

4. A closed pipe is filled with a gas whose density is 0*00120 gm. per c.c , 
If the length of the pipeis 50 cm find Use frequency of ihe note emitted. (The 
velocity of sound in air at (rC. is 332 metres per second.) 
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Ab the density of air is 0*001298 gm. per c.c., and as the velocity of sound in 
any gas is inversely proportional to the Square root of its density, the velocity* 

/0’001298 

of sound in the gas of the pipe, F— 88200'y cm ‘ P er sec> 

But F*4 nl ; whence to* TT* IS®* 

4r 

66. Longitudinal Vibration of Rods.— When a rod of wood or 
glass, firmly olamjied at its middle point, is rubbed lengthwise with a 
piece ol lesined cloth, or a wet linen, it is set in longitudinal vibration, 
that is, in planes \ arallei to its axis, and it gives out a shrill note. The 
rod is alurnattl> elongated and oompressed in its course of movement 
and the vibration lakes place exactly in the same manner ’as the 
stationary ubiation of an open pipe sounding its fundamental. 

The tree ends of the rod being the parts of maximum vibration are 
antinodes whilst, for the simplest mode of vibration, there will be a 
node in the middle where it is clamped. Evidently the length oi the rod 
is ball the wave-length (distance between two consecutive antinodes). 

The velocity of sound in the rod is given by, V - \/^ , where E is 

the Young’s modulus of elasticity and D the density of the material 
ol the md. Again we have, F*toA, where k the wave-length, is in this 
caBe, equal to twice the length l of the rod. 


F-2nZ;or 


£ 
2 1 


or to* 


1 

2 1 



Thus knowing the velocity of sound in the rod, the frequency, or 
the pitch of the sound emitted, can be calculated. Again, if the pitch 
of the sound is determined by compression with a sonometer wire, the 
velocity of sound is known from the relation V m 2 nl (Thus, this 
aKo provides a method of determining the velocity of sound in a 
solid lod ,) 

67. Kundt's Dust- tube Experiment.— The velocities of sound in 
different gases were determined by Kundt by using longitudinal vibra- 
tion of rods. The velocity of sound in a rare gas is very conveniently 
determined in the laboratory by this method. 

Expt.— The apparatus consists of a metal or glass rod which is 

clamped exactly at 
its middle point C 
and has a card- 
board disc D firmly 

Fig. 87.— Kundt’s Tube fi » d end 

within a long glass 




SOUND 


453 


•tube AB in which it can move without touching its wt,Us. The other 
end of the tube AB is closed by an adjustable stopper B (Fig* 37). 

Before fixing the tube in position it is thoroughly dried by blowing 
hot air through it, and then some dry lycopodium povl*r is evenly 
spread along Us sides. The rod is now stroked (rubb*i lengthwise) 
with a resined cloth, if it be metal, or with a cloth moUtenel with 
methylated spirit, if it is of glass, causing it to vibrate longitudinally. 
Waves are emitted by the dlsc-P which is moving biok wards an i 
forwards with the frequency of the note emitted by the rod and thus 
setting up vibrations in the air within the tube. These waves started 
from the disc D are reflected by the surface of the piston B, and thus 
stationary waves having fixed nodes and antinodes are Bet up in the 
tube. The position of the adjustable piston B is carefully adjusted 
until a resonance is produced, when the fundamental note emitted by 
the rod coincides with a harmonic of the enclosed air column within 
the tube. 

When resonance is reached the fine lycopodium powder is seen to 
be thrown into violent agitation and the powder will be seen to fly away 
from the loops (antinodes), the places of maximum displacement of air 
particles, and will collect in heaps at the nodes , the pUces of minimum 
displacement of air-particles. In general, several nodes and loops will 
be formed within the tube as shown in the diagram. If l be the mean 
distance between two consecutive nodes, the wave-length A of the 
longitudinal vibration of air is 2 Z, and if n be the frequency of the 
note emitted by rod, it is also the frequency of vibration of the air 
'in the tube, as the rod and the tube are in resonant vibration, and the 
velocity of the sound in air 7-*nA— %x2J. Now, for the simplest 
mode of vibration of the sounding rod, a node is formed at the middle 
where it is clamped and two loops are formed at the two ends. So, if l* 
be the length of the rod, the wave-length A' of the longitudinal vibration, 
within the rod is 21', and if V' be the velocity of sound in the rod, 
A ; 08 riX ■* n x 21' ; so we have 

V 2Z_ ^ Z _ length of a loop 
V' ~ n * 2Z' i length of the rod * 

The above relation provides a method of calculating V or V\ when 
one of them is known ; and if frequency n be found by me&na of a 
sonometer and a standard fork, then velocity of sound in air and also 
in the rod can both be determined . 

Velocity in Different Gases.— To compare velocities of Bound in two 
gases, first fill the tub^writh one of the gases and find out the average 
distance l t between^|wo nodes formed at resonance. Repeat the 
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experiment with the other gas and let the length of the loop in this • 
ease be l 2 ; then, if V± and V 2 are the respective velocities in the 

. , Fj w ^ l± 

two gases, wehave Fs -— ^ 8 -^. 

Questions 

Art. 51. 

1. Describe in detail with a diagram an open organ pipe, and explain its 
mode of excitation. What effect is produced on the pitch and character of 
the note, if the open end is .suddenly dosed ? (See also Art. 52). 

. . J , (C. U. 1926 ; Pat. ’28> 

2(a). Give an account /of. nodes and antinodes in open and closed organ 
pipes. , , (All. 1918. ’22 ; C. U. 1931, ’32> 

(b) How are statiomelry waves produced in (i) an open organ pipe, 
(ii) a closed organ pipe ? (C. U. ’47 ; cf. All. ’45> 

Art. 52. • 

8. What do you uhd^fet&nd by pitch of a musical note ? Two organ 
pipes of the same length^re' ‘given, one open and the other dosed. What 
should be the relation between the pitch of fundamental notes emitted 
by them ? ■ < (C. U. 1924, ’26 : Pat. 1928, ’39) 

4. What is the frequenc^'afthe fundamental notes of an open organ pipe 
4 ft. long ? (Velocity of sound .in 1 air = 1 100 ft. per second). 

What would be the effect' of (a) cohering its open end, (b) increasing the 
temperature, and (c) varying'.thifl' nature of the gas enclosed in the tube ? 

.■a,' 1 *.. (Pat. 1930) • 

[Hints -1100 *» -4 ; or^? «-187’5 ; (a) when one end is closed, the pitch 
will be halved, i*e. will be lowered an octave ; (b) velocity will be increased 
( See also Art. 68) with the increase of temperature, hence pitch will he increa- 
sed, (c) pitch increases or decreases with the increase or decrease of velocity 
which again varies inversely i as the square root of density of the gas.] 

5. What is meant by resonance ? Calculate approximately the length 

of the resonance box closed at one end on which a tuning-fork is to be mounted 
the pitch of which is 266, the velocity of air being 1120 ft. per sec. Would 
the same resonance box answer for a fork of another, pitch ? If so, of 
what pitch ? (All. 1926) 

[Hints.— The resonance box acts as a closed organ pipe ; so, V=4 nl ; or 
1120^ 4 X 266 x l ; orZ = $J ft- The box will also speak for a fork whose 
^frequency is 3 or 5 times the fundamental frequency.] 

6. The velocity of sound in hydrogen k P296'5 meters per Becond. What 
will be the length As cjpBed organ pipe, filled with hydrogen, which gives a 
note having a vibrradn frequency of 512 pey second^ , (C. U. 1915 ; Dac. ’33) 

**!«&*• . «3-8 em, (approx.)] • * " ^ % 
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• 7. What is the frequency of the note emitted by a siren having 32 holes 
and making 1575 revolutions per minute. A closed organ pipe sounding its 
fundamental is in unison with the above note. What is the length of the 
pipe ? (Velocity of sound in air = 1120 ft. per sec.) 

[Am : 840 ; J ft.] 

8. Calculate the shortest length of a pipe 4 cm. in diameter which will be 
set in resonant vibration by a tuning-fork making 256 vibrations per second. 
(Velocity of sound in air = 340 meters per second). 

[Am. : 33*21 cm.] . \ 

9. Two organ pipes, open at both ends, are sounded together and four 

beats per secondare heard. The length of the short pipe is 80 in. Find the, 
length of the other. (Vel. of sound = 1120 ft. per sec.) (C. U. 1935) 

[Am. : 30 in.] 

10. What are the fundamental and harmonic notes of the organ pipes, 

open and closed ? (C. U. 1947) 

11. What effect is produced on the frequency and quality of a note given 

by an organ pipe if the top is suddenly closed ? If the frequencies of the first 
overtones of the two notes so obtained differ by 440, what was the original 
frequency ? (All. 1924) 

[An* : 880.] , , 

• 12. The pitch of the fundamental note of an open organ pipe 100 cm. long 

is the same as that of a sonometer wire 200 cm. long which has the mass one 
gram per centimetre. Find the tension of the wire. (Pat. 1987) 

[Am : 4*356 x 10 9 dynes, taking V- 330 meters per sec.] 


Art. 53. 

13. Calculate the change of pitch of an open organ pipe 3 ft. long when the 

temperature changes from 10°C. to 15°C. (L. C.) 

[Am : 1*009] 

14. The frequency of a note given by an organ pipe is 312 at 15°C. At 
* what temperature will the frequency be 320 supposing the pipe to remain 

unchanged in length. (See Art. 18). 

Vt 320 40 

4 Hints. — F x 5 — 3121, and Vt -8201 ; “ gu = 8Q - 

• Again, Vt-i and F ls - + 


Vt_ 

y±B 


546 + * 
561 ’ 




546 4 0 
561 “ 89 


, whence £*= 22*4°C.] 
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15. If an organ pipe gives a note of 266 when the temperature of air is * 
40*0., what will be the frequency of the note when the temperature 
falls to 20°C. ? (Pat. 19461 

l An* : 247 '2] . 

Art. 54. 


16. How can the existence of nodes and antinodes in a sounding organ 
pipe be demonstrated ? ( C . U. 1987) 

Art. 55. 


17. Suggest any experiment by which you can determine the wave-length 

of any note in air. (Pat. 1926) 

18. How would you demonstrate that the best resonant length is one- 

fourth the wave-length in the case of a closed pipe and one-half the wave- 
length in the case of an open pipe. (Pat. 1929) 

[Hints. —Describe the resonant column experiment (Art. 55). The tube is 
considered to be a closed pipe as one end of it is closed by water— a medium 
denser than air. After getting the first position of resonance ( i.c . for l = jl/4) 
raise the tube still further until a second position of resonance is obtained. 
In this position Z = 81/4. Kaising it still more, a third position for Z—51/4 may 
be obtained. It will be observed that the sound is loudest in the first case, 
and gets fainter and fainter for the overtones. 

In the second case, hold the same tuning-fork in front of an open pipe (both 
ends open), the length (say about 10 inches) which is made adjustable by 
slipping up and down over it a tightly fitting roll of ordinary writing paper. * 
Adjusting the length and proceeding as above, it will be observed that sound 
is maximum for i* A/2, and gets fainter and fainter for the overtones, i.e. for 
I— 2A/2 and 81/2, etc.] 

19. A vibrating tuning-fork is placed at the mouth of an open jar, and 
water is poured into the jar gradually. Explain what will happen. 

Explain how would you determine the velocity of sound in air by an 
experiment of this kind. (0. U. 1915, ’18, ’26, ’29, ’81, ’47 ; Pat. 1918, '21, 
’28, *25, ’26, ’86, ’41 ; Dac. ’88, ’84.) 

20. Describe fully a method of determining the vibration frequency of 

a tuning-fork in the laboratory. (C. U. 1928 ; cf. Pat. 1941 ; All. 44) 

21. Describe an experiment to find out the velocity of sound in carbon 

dioxide. # (Pat. 1939 ; cf. ’18 ; All. '22 ; cf. Dac. ’81) 

ytf? ' V" '<■ c, , 

22. What is meant by resonance ? Show how the phenomenon of resonance 

i ma^JIs used to measure the velocity of sound in a gas.' • » (G. U. 194 
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* A cylindrical tube 100 cm. long, closed at one end and of one cm. internal 
radius, is placed upright and filled with water, and a tuning-fork of frequency 
510 is sounded continuously over its open end. Assuming the velocity of 
sound in air to bo 840 metres per sec., describe exactly what you would 
expect to observe if the tube were gradually emptied. (Pat. 1986) 

• 

The tube will speak when the length of the air column is 16, 

48, 80 cm.] 

28. A tuning-fork, whose frequency is 410, produces resonance in a glass 
tube of diameter 2 oms., when lowered vertically in water ; on lowering the 
tube further down another point of resonance is found. Find the lengths of 
the air column pruduemg resonance. (F= 340 metres per second). 

[Ans : /, “61*59 cms. ; 7 a — 20*18 crns.l 


CHAPTER IX 

Musical Instruments : Physiological Acoustics 

58. Musical Instruments. —The musical instrument* can be 
divided mainly into two classes : — (a) Wind instruments ; (b) Stringed 
instruments ; (c) Percussion instruments : 

(a) Wind Instruments. -The working of these instruments 
deponds upon the vibration of air column. These again can be 
.'divided into two classes. — (i) Instruments without reeds such as 
the flute, piccolo, etc. ; (ii) Instruments with reeds such as clarinet, 
harmonium, etc. The most familiar example of the wind instruments 
* is fine organ pipe, which may be of the above two types, (a) one 
* without reeds, known as the flue pipe, and (b) the other with reeds 
known as the reed pipe. 

% 

It is already known that only a column of air of right length mag^ 
be madfe to respond to a particular note. But, ^ in the ease ot JH 
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column of air contained in a pipe, resonance can be produced by making - 
a flutter in the air at one end of the pipe. The pipe selects from the 
flutter (which is merely a combination of pulses of various wave-lengths) 
that particular pulse with which it can resound in order to produce a 
musical note. This is the principle of various musical instruments , 
in nearly all of which the sounding part is a column of ai t 



The Flue Pipe. — The simplest form of this type is an ordinary 
organ pipe the working of which lias been described in Art. 51. The 
note emitted by this pipe depends primarily 
upon the length of the pipe. The fundamental 
note is given out at a certain minimum blow- 
ing pressure by increasing which higher 
harmonics are given out. 

In the Organ, there is a set of pipes of fixed 
pitch and the instrument is provided with a 
fixed keyboard as in harmoniums. 

The Reed Pipe. — In this form the air blast 
impinges on a flexible metal strip (Fig. 38), 
called the reed , which controls the amount of 
air passing to the pipe by wholly or nearly 
covering the aperture through which the air. 
passes. The reed which completely closes iihe 
aperture of the pipe is called a beating reed , 
which behaves as a stopped end of the pipe, ' 
and the other by which the aperture is nearly, 
but not fully, closed is called a free reed. Free reeds are used in 
harmoniums and American organs, where the wind is forced into a 
rectangular air-chamber at one side of which the reed is attached. 
The air presses against the reed and causes it to vibrate. A single 
beating reed made of cane is used at the mouthpiece of a clarinet. 



i 


Fig. 88. — Reetl pipe. 


(5) Stringed Instruments. — In this class the note is produced by 
the vibration of strings kept under tension, such as the harp, piano, 
violin, esraj, setar, etc. ' 

(c) Percussion Instruments.— These are tuned to a fixed pitch, 
such as the kettle-ckmm, tambourine, etc., in which the vibration of 
airjtis produced by stnxing with a hammer a stretched membrane or 
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* 59 The Phonograph. — Long before the invention of phonograph, 

Thomas Young, an English scientist, succeeded in recording sound 
vibrations on a rotating drum, but it was 
Thomas Alva Edison, an American, who 
in 1877 invented the phonograph which 
was capable of both recording and re- 
producing sound vibrations. 

The Phonograph consists of a funnel 
F t which is closed at the lower end by a 
thin glass or mica diaphragm T> (Fig. 39) 

When sound vibrations are directed into 
the funnel, they set the diaphragm into 
vibration, and with it a pointed steel, or 
a chisel-shaped sapphire crystal »S, attach- 
ed at its centre, also vibrates. The 
chisel is in contact with a cylinder C of 
paraffin wax, and, at the time of vibra- 
ting, cuts a groove of varying depth on 
the cylinder which is rotated, and at the 
same time moved lengthwise, by clock- 
work. The depth of the groove is not uniform but corresponds to the 
strength and complexity of the vibrations communicated to D. The- 
cylinder in thus a faithful record of the sound vibrations directed at F. 

To reproduce the sound, a smooth sapphire point, attached to a 
similar diaphragm fitted in a frame, called the sound-box, is placed at 
.the beginning of the groove of the cylinder which is rotated and shifted 
sideways at the samo speed as before. The sapphire point rises and 
falls in accordance with the height and depth of the groove, and thus 
the diaphragm of the sound-box reproduces exactly the movements 
ol the disphragm 1) of the records. These movements communicated 
to the air produce the same sound which was originally directed into 
the funnel jP. 

The materials with which records are prepared being very soft, the 
records do not last long and so the reproduction is not very faithful. 

The Gramophone.— It is a machine for the recording and repro- 
duchy of sound, usually in the form of vocal or instrumental music, 
spee^, etc. It is an improvement upon tho phonograph. Here the 
records are made in the form of flat discs in whioh spiral grooves 
representing sound tracks run from the rim to the centre. The grooves 
are* of varying width and not of varying depth, as a result of which 
the resistance to the movement of the needle along the furrow is much 
less than in the phonograph and so the reproduction of sound is 
more faithful. Moreover the discs are made of a matrix (comp 



Fig. 39. 
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of shellac, tripole powder and other ingredients) which is much harder* 
than the wax used in the phonograph and so do not deteriorate with 
use so early. 

Recording of sound. — The modem method of recording is electri- 
cal. The source of sound is put in front of a microphone the current 
passing through which is thereby modified. This fluctuated current 
is amplified to a required extent by the use of wireless valves. The 
amplified fluctuating current is used to actuate the cutting chisel upon 
a disc of wax, through electromagnetic action. This record of wax 
is called the negative. An electro- plate of it is made on a copper 
disc by electrolysis. This electro-plate is called the ‘mother shell’ or 
the “parent record*' or the positive. Two ‘working matrices’ of two 
different musics are made from two mother shells and are fixed to the 
top and bottom plates of a hydraulic press with their recorded surfaces 
facing each other. The recording material (the disc) previously warmed 
a little, is placed in between the two working matrices and the two 
records are stamped on the two faces of the recording material by 
pressure. 

Reproduction of sound. — This is done through the mechanism of 
a 41 Sound box *’ which has a needle, with rounded point, rigidly screwed 



Needle, 


Fig 40. — Sound box 

•tn^he shorter arm of a* lever system .(Fig. 40). The needle slides 
n^u^ r ihe spb**i grooves of the record, the record being made ifo rotate 
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at a uniform speed with the help of an adjustable governor, under 
the action of the energy ot a wound spring The end of the longer 
arm of the lever is faxed to the centre of a circular mica diaphragm. 
The diaphragm is mounted between lubber rings called gaskets and 
forms the front of a cylindrical metal box, called the sound box This 
is connected .to a metallic conical pipe called the tone arm which is 
capable of moving fieely about a vertical axis The tone arm with 
the sound box gradually moves to the centre of the reoord as the 
needle slides on it The sound fiom the tone aun is finally magnified 
through a horn which is usually housed within the cabinet The 
vibration of the needlo luniung on the furrows sets the diaphragm to 
motion and the sound is lepioduced The lever system is balanced 
on a knife edge foiraing the fulcrum The vibration of the lever is 
conti oiled b> the two spnngs 

In the Radio Gramophone the mechanical sound box is replaced 
by an electric * pick up which periodically modulates a ieeble current 
as the needle slides on the giooves of the lecord This feeble 
modulated current, altet suitable amplification through a combination 
of wntless calves, is led tlnough a loud speaker by which a volumm 
ous sound comm Hiding l largo assembly ot audience is reproduced 

Physiological Acoustics 

60. * The Ear — Human ear (Pig 41) consists of three parts , 
- f a) the eiteinal cat (or pinna) by which the sound wave is collec 
ted (b) the muidU ear (or 
drum) in which the vibiations 
are tiansmitted tioni the extei 
nal ear to (t) the internal ea) 

(or labyrinth) 

(a) External Ear — Prom 
the outside, there is at first the 
eitnnal ear E (the pait exter 
nal to the head) from which 
/ extend^ the ear passage (jailed 
the jJctemal auditory meatus 
M^rown which air vihi^aons 
travel This is closed*®* 1 its 

end by a stretched membiane, Fl * —Section through the 

called the membrana tympam Human Eai 

Ts beyond which lies the cavity called the eai drum 
middle ear 
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(b) Middle Ear. — This cavity is bounded upon its outside by t’ e t 
tympanic membrane and its inner side by bony walls except at two 
places, the feneatra ovalis 0 and the fenestra rotunda R where mem- 
branes are stretched. A combination of three little bones or ossicles, 
the first of which is the malleus M or the hammer bone extends from 
the inside of the tympanum. This bone communicates with the 
internal ear through two other bones, the anvil (or incus) and the 
stirrup S (or stapes), the base of which is joined to the fenestra ovalis , 
which separates the middle ear from one part of the inner ear. The 
middle ear is connected to the throat by an eustachian tube Eu. This 
tube is usually closed but the action of swallowing opens a valve in 
this tube and serves to keep the air pressure inside the middle ear 
equal to that of the atmosphere. Ear-ache is often caused when the 
valve does not work and due to which the outside pressure becomes 
greater than that inside so that the hones are pressed hard caus- 
ing painful results. 

( c ) Labyrinth. — It is a complicated structure having a set of 
cavities. The cavities have bony walls, called the osseous labyrinth 
and internal membranes, known as membranous labyrinth. The osse- 
ous labyrinth consists of the following— (l) Vestibule o in the outer wall 
on which lies the fenestra ovalis . Through the inner wall of the vesti- 
bule the divisions of the auditory nerve A enter into the internal ear. 
(2) Cochlea t G at the entrance to which lies the fenestra rotunda 
It is a spiral canal like the form of a snail shell. It contains a fluid* 
which receives and transmits vibrations to the auditory nerve. In this 
canal there is a membranous partition, called the basilar membrane, 
which plays an important part in the act of hearing. (3) The semi- 
circular canals Sc sorve to maintain equilibrium and do not take part 
in the hearing. 


The membraneous labyrinth contains a fluid, endolymph and 
between it and the osseous labyiinth is another fluid, perilymph . 


61. How we hear. — The waves generated in the air by the 
sounding body are collected by the pinna and passing through the • 
auditory meatus strike the tympanic membrane which is forced tr\ exe- \ 
cute corresponding vibrations. These vibrations are transmitted 
through the three little bones in succession, the malleus , the 
and the stapes, to the membrane of the fenestra ovalis of the inner • 
ear. 33*6 vibrations of the fenestra ovalis starts waves which reach 


'•o'* hlea where t 'hrations are handed on by the fluid to the basilar 
Irfle Vibrations thus generated affect the auditory nerve 
aive rise to the sensation of sound. 








